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PREFACE 

The objective of this expenment was to determine the accuracy that could be obtained in 
computing the position of an aircraft when using sidetone ranging measurements between a 

ground station, Application Technology Satellites ATS-l and ATS-3, and the aircraft 

The ground station employed for tis experiment was the Omega Position Location 
Equipment (OPLE) Control Center (OCC) The OCC was modified to communicate with two 
satellites, simultaneously, and to generate a 941-Hz sidetone Two identical VHF transponders 
were constructed, one for use as a reference terminal, and the other for use as an aircraft 
terminal 

Texas Instruments provided, as a company-funded effort, a real-time display system which 
displayed the aircraft position as tracked by both the satellite tracking system and a Texas 
Instruments airport surveillance radar system (ASR-7) 

The experiment demonstrated that an aircraft could be located in real time within 
approximately 3 nautical nules, further reduction of the data improved this accuracy to 
2 nautical miles 

The following recommendations are made for future satellite position location systems, 
using sidetone ranging 

I A frequency be chosen that is subject to less interference 

2 Time division multiplexing should be used 

3 A ugher sidetone frequency should be chosen 

If these recommendations are adopted, position location accuracies on the order of 1 nautical 
mile can be achieved 
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SECTION I
 

INTRODUCTION
 

Texas Instruments was selected by NASA Goddard Space Flight Center (GSFC) to conduct 
the VHF Navigation Experiment (also known as the VHF Range/Range or VHF R/R 
Experiment) The purpose of the experiment was to determine the accuracy that could be 
obtained in computing the position of an aircraft, flying at known altitude, using sidetone range 
measurements between a ground station, the Applications Technology Satellites ATS-1 and -3 
and the aircraft The ground station that was used was the OPLE Control Center (OCC), and the 
self-check feature of this equipment was modified to provide a sidetone range measurement 
capability using a 941-Hz tone A VHF transponder was also designed and two were constructed, 
one to function as a reference terminal and the other as the aircraft flight terminal 

It was the intent of the contract to use the modified OCC to compute the phase angles 
associated with the various range measurements and to then perform the position location 
computations off-line Early in the experiment, however, Texas Instruments recognized the need 
for on-line (or real-time) position location and display for two reasons First, real-time 
measurements of the system parameters were essential to simplify checkout during integration 
and testing Second, it was considered that a real-time demonstration of position location with 
comparative radar ground truth data would be most effective in showing the utility of satellites 
to en route surveillance of air traffic Texas Instruments decided, therefore, to support the 
program with company funding and provided the following items 

* Real-time display equipment and software 

* Real-time radar data from an ASR-7 airport surveillance radar 

* A motion-picture documentation of the real-time position location system 

As a result of subsequent schedule conflicts for the FAA aircraft which was originally planned 
for the flight portions of the experiment, Texas Instruments also donated the use of a DC-3 
aircraft, and several successful flight tests were performed in November and December of 1970 

The result of thus NASA contract, and the funding contributed by Texas Instruments, was a 
real-time demonstration of aircraft position location using satellites in which an accuracy of 
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approximately 2 nautical miles was obtained using the differential position location techniques It 

is believed that tis represented the first real-time demonstration of a basic aircraft surveillance 

system 

A 	 Program Description 

As shown on the accompanying schedule, Figure 1-1, the program was structured in two 

phases The first phase dealt primarily with system design, modification/checkout of the OPLE 
Control Center available et NASA/GSFC from the OPLE Contract (NAS 5-10248), and 

development of a reference terminal ranging transponder The second phase option was exercised 

by NASA in January 1970, and involved developing a ranging transponder for the aircraft, testing 
the transponders, and experiment flight testing following installation of the transponders 

The schedule shows a number of other tests performed using the ground station in its OPLE 
mode to accommodate other agencies in evaluating such systems as Position Location by Orbital 
Tracking (PLOT), and Global Rescue Alarm Net (GRAN) As these tests were not part of the 

present contract they are not discussed here, but are noted on the schedule to show some of the 
overlap of usage of the OPLE Control Center 

During integration of the system it was established that the link estimates made in the 
original proposal were optimistic, and that a number of system parameters would require 
modification to allow the system to acquire lock The major sources of additional link loss were 

* 	 Aircraft voice commuications interference in the frequency band at 135 6 MHz during 
daylight hours (It was established that this interference was caused by direct radiation 
from aircraft in the Dallas area ) 

* 	 Capture of a significant part of the ATS-3 satellite transponder power as a result of 
continuous interference from ground radio sources 

To improve the performance of the satellite communications links, experiments were 
scheduled late in the evening to minimize the possibilities of interference from the above two 
causes To provide additional margin, the aircraft and reference terminal transmitter powers were 
increased from 5 watts to 20 watts, and the acquisition bandwidth of the OCC phase-locked 
loops was decreased from 150 Hz to 50 Hz 

As a result of the relatively narrow sweep range of the phase-locked loops in the OCC, it 
was also necessary to establish high-frequency accuracy (±100 Hz) in both the pilot tone channel 
and the ranging signal transmission and receiving channels The pilot tone channel had previously 
been incorporated into the OCC during the OPLE experiment to remove phase jitter in the 
transponded signal induced by one-way passage of a signal through the ATS-3 satellite Once 
these factors were incorporated into the system, integration was completed and the flight and 
static experiments were performed 

The data from a number of tests were then computer analyzed off-line (during the Final 
Report task of Phase II) to determine the rms, mean and deviation position errors, and to 
compare the deviation errors with predicted errors The results obtained for both the static and 
flight 	tests show very good agreement between predicted and measured errors 
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B Experiment Description 

The method used for determining the position of the aircraft involved measuring the ranges 
of the aircraft from ATS-1 and ATS-3, and then knowing the aircraft altitude, solving for the 
two points of intersection of the three spheres centered on each satellite and the center of the 
earth and choosing the solution in the northern hemisphere The ranges of the aircraft to both 
satellites are determined in essentially two ways In the first method, called absolute ranging, the 
range from the control center to the aircraft and back through the appropriate satellites is 
computed using (1) the differences in phase between that measured over the path and that 
measured in the calibration mode using the reference terminal, and (2) the known range from 
the reference terninal to the satellite at the time of making the calibration measurement In the 
second method, called differential ranging, the ranges of the aircraft to the satellites are 
determined in a similar manner except that effectively new calibration measurements through the 
reference terminal were used for each measurement obtained from the aircraft In this way, 
common mode errors caused by changes in the satellite position and equipment drift were 
significantly reduced 

Although the computer in the OCC was programmed in the OPLE experiment to compute 
phase measurements only, the program was enlarged to solve the position location algorithm 
from the phase data, and to convert radar range and bearing information into latitude and 
longitude The digital outputs from the computer were then converted to analog voltages and 
used in a time multiplexed manner, to control the position of the display spot of a TV monitor 
A scale map of the Dallas area was provided as a transparent overlay on the screen 

In performing a real-time experiment, the aircraft flight began approximately one-half hour 
before the assigned satellite time and the equipment would be checked out At the beginning of 
satellite tine, a calibration test was made at the OCC with all four of the OPLE receivers, or 
phase measurement receivers, assigned to receive signals relayed by ATS-3 from the reference 
ternmnal The OCC was then placed in the acquisition mode and two phase measurement 
receivers assigned to each of the aircraft tenmal and to the reference terminal In each pair, one 
receiver would receive signals relayed by ATS-3 and one would receive signals relayed by ATS-1 

A frequency check would then be performed to realize the required -tolerance for acquisi
tion Any corrections found necessary were accomplished using the synthesizers in the 
down-conversion system Once these corrections were made, the system would lock and the 
real-time position determination could proceed 
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SECTION JI
 
SUMMARY OF RESULTS
 

This section presents a summary of the experimental results A detailed analysis of these 
results is provided in Section VI 

A 	 Position Location Results 

A large number of checkout flights and experiment flights were made during the course of 
the VHF Range/Range Experiment using the ATS-1 and ATS-3 satellites, the modified OPLE 
Control Center, and a Texas Instruments airport surveillance radar (as a source of ground track 
truth data) These flights were made with a Texas Instruments DC-3 and limited to a range of 
70 miles from Dallas 

Because of the large number of data points taken during each experiment, an off-line 
software program was written and used to analyze the data for two of the flights and two static 
tests Table 2-1 gives a comparison of the rms latitude and longitude errors for the three 
methods of position location employed (discussed in Section III) Both the differential ranging 
and differential position location techniques proved to be superior to the absolute ranging 
technique This is particularly well illustrated in Flight Data File 2 where the latitude error is 
approximately 10 times greater in the absolute mode than in the differential modes 

TABLE 2-1 POSITION LOCATION ERRORS 

Absolute Ranging Differential Position Differential Ranging 

Experunent No Latitude Longitude Latitude Longitude Latitude Longitude 
Description Samples Error(nmn) Error (nmi) Error(nun) Error (nmn) Error (nn) Error (am') 

Flight Data 
File 2 177 1829 264 170 305 163 322 
File 12 91 534 611 438 215 414 221 

Static Data 
File 5 116 434 246 451 123 427 138 
File 6 140 3 65 507 292 185 257 203 

The data presented in Table 2-1 includes bias errors which are not common-mode effects in 
the differential position location modes, as well as random error sources The error sources 
include 

* 	 Part of the propagation errors caused by the ionosphere and troposphere 

* 	 Measurement errors caused by system noise and ground processor inaccuracies 

* 	 Delay errors caused by uncompensated delays of aircraft transponder, reference 
transponder, satellite transponders, and the ground processor 

* 	 Satellite position uncertainty 
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As shown in Table 2-1, the position location error using the differential techniques are 
approximately 3 nautical miles (nm) To illustrate that improved accuracy can be obtained, 
the data was analyzed to separate the mean error and the error deviation from the mean The 
results obtained from this analysis are shown in Table 2-2, where they are compared with the 
predicted results 

TABLE 2-2 COMPARISON OF EXPERIMENTAL AND PREDICTED 

POSITION LOCATION ERRORS FOR DIFFERENTIAL RANGING 

Experimental Results Predicted Results 

Latitude Error(in) Longitude Error (rand Latitude Longitude
Error Error 

Description rMs Mean Deviation tins Mean Deviation (n=I) (ntu) 

Flight Data 
File 2 163 022 161 322 297 123 275 175 
File 12 414 -349 244 221 153 159 275 175 

Static Data 
File 5 427 413 109 138 108 086 1SO 093 
File 6 257 -206 153 203 183 088 150 093 

Agreement between the predicted and measured dewation errors is very good The longitude 
deviation errors for the static tests of Files 5 and 6 are 0 86 and 0 88 nmi, respectively, as 
compared with a predicted error of 1 50 nmi 

A comparison of the predicted and measured dewation errors for the flight tests shows that 
the actual errors are consistently less than the predicted errors For example, the predicted 
latitude error is 2 75 nrm, but the measured results for Files 2 and 12 are 1 6 nmi and 2 44 nmil, 
respectively, the predicted longitude error is 1 75 nmi, while the measured results were 1 23 nmi 
and 1 59 nnu for Files 2 and 12, respectively 

In summary, the VHF Range/Range Experiment demonstrated that VHF sidetone ranging 
using synchronous satellites for relay of signals can produce position accuracy on the order of 
3 nni using differential ranging techniques If bias errors are taken into account, the location 
accuracy can be improved to better than 2 nmi A more optimum implementation of the ranging 
tones would improve the position location accuracy to approximately 1 nr 

B Results of RF Link Measurements 

As discussed in the introduction, it became necessary dunng the experiment to optimize the 
various system transmitted signal levels to achieve satisfactory results Although the RF link 
measurements were not included in the original goal of the experiment, a considerable effort was 
expended in gathering and analyzing these measurements A summary of these measurements is 
presented in following paragraphs, detail discussion of these measurements is located in 
Sections V and VI 

2-2 



1 Link Losses 

The procedure used to measure the down-link losses is described in Subsection V A 3 
The experimentally determined up-link losses were derived from the measured down-link losses 
by taking into consideration the theoretical difference in free space losses, and cable and diplexer 
losses Over a 2-month period, several measurements were made for each of the link losses and 
the values tabulated in Table 2-3 are an average of these measurements The predicted values are 
derived in Appendix E 

TABLE 2-3 LINK LOSSES 

Link Predicted (dM) Measured (dB) 

Nominal Worst Case 

GCC-to-ATS-3 -157 -161 2 -159 
Aircraft-to-ATS 3 -171 3 -178 5 -170 
Aircraft-to-ATS 1 -171 3 -178 5 -170 

Refeience-to-ATS 3 -172 3 -176 5 -169 

Reference to-ATS-1 -172 3 -176 5 -174 

ATS-3-to-GCC -155 7 -159 7 -158 
ATS-3-to-Aircraft -171 2 -178 2 -170 

ATS-3 to-Reference -1707 -174 7 -168 
ATS-i-to-GCC -154 2 -158 2 -160 

As shown an Table 2-3, with the exception of the ATS-I-to-GCC loss, the measured 
and predicted nomnal link losses agree to within approximately 3 dB The discrepancy in the 
predicted and measured ATS-1 link loss was most likely caused by the relatively low elevation 
angle (21 degrees) of the satellite at the time the measurements were made 

As was anticipated, the signal levels at the aircraft showed considerable multipath 
related variations These signal fluctuations were on the order of 4 dB This should be considered 
only as a nominal multipath effect because larger variations can be encountered if the aircraft is 
flying toward or away from the satellite The effects were especially pronounced dunng the time 
that the aircraft was ascending or descending 

2 Satellite Characteristics 

Power transfer curves for ATS-1 and ATS-3 VHF repegters were experimentally 
determined (as described in SubsectionV A 4) by varying the power of the pilot tone 
transmitted to the satellite under test and measuring the received signal level at the GCC 
Theoretical transfer curves were generated and compared with the experimental data to verify 
the link losses and power sharing at the satellites 

The resulting power transfer curves for ATS-1 and ATS-3 are shown in Figures 2-1 and 
2-2, respectively Comparison of the two experimental satellite power transfer curves shows that 
ATS-3 was approaching saturation with the GCC transmitting 50 dBm of pilot tone power while 
ATS-1 was still several decibels below saturation This difference reflects the higher link loss 
between the GCC (ATS-3 antenna) and ATS-1 The satellite transfer characteristics are essentially 
linear for transmitted levels less than 42 dBm because the predominant satellite input power is 
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3 

the relatively constant noise power For GCC transmitted levels greater than 42 dBm, the 
received pilot tone signal at the satellite is a significant component of the total input power and 
the slope of the transfer curve begins to decrease 

Comparison of the experimental and predicted curves shows a 1-dB-maximum deviation 
for the ATS-1 data and a 2-dB-maximum deviation for the ATS-3 data Because the predicted 
and experimental transfer curves approach saturation at the same GCC transmitter power level, it 
can be concluded that if the link losses are correct, then the assumed -1 13-dBm satellite noise 
power is also valid This is true because the slope of the transfer curve begins to decrease rapidly 
when the received signal is on the same order of magnitude as the noise power The discrepancy 
between the measured and predicted ATS-3 power transfer curve is most likely caused by the 
one-way link loss being approximately 1 dB greater during the test than the values used for the 
theoretical curve If this 1-dB error existed for both the up and down links, then the net result 
would be an experimentally determined curve which is down by 2 dB from the predicted curve 

System Carrer-to-Noise Power Density 

The details of the techniques employed in this experiment to determine the signal
to-noise power densities at the various receivers are discussed in Subsection V A 3 During each 
experiment, data from the meters used for this purpose was recorded at specified intervals while 
chart recorders provided a continuous record of received signal strengths 

As discussed in Appendix E, the carrier-to-noise power density at any receiver is 
partially deternuned by the link losses between each repeater Monitoring of the ATS-3 
retransmitted pilot tone signal at the GCC and the transponders provided data for verification of 
power sharing at ATS-3 The predicted and measured pilot tone C/N0 values are listed in 
Table 2-4 and 2-5 The predicted data is derived in Appendix E 

Chart recordings at the reference transponder showed that the received signal was 
relatively constant during an experiment period With the exception of local or satellite 
interference, signal variations in excess of 3 dB rarely occurred The received pilot tone signal at 
the GCC also remained relatively free of short term fluctuations The received signals at the 
aircraft, however, did exhibit frequent short term fluctuation of a larger magnitude than 
observed at the reference transponder These signal strength variations were caused by local 
interference and multipath effects During periods of heavy interference, the aircraft transponder 
would frequently lose lock Because of this problem, the experiments were scheduled for a later 
time at night 
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TABLE 2-4 PILOT TONE CARRIER-TO-NOISE POWER DENSITIES 

Predicted Measured 
Worst 

Nominal Case Maxnnum* Average* Maximumt Averaget 
Receiver (dB Hz) (dB Hz) (diB Hz) (dB Iz) (dB-Hlz) (dB-Hz) 

GCC 483 431 472 462 518 51 

Ancraft 368 282 34 336 394 364 

Reference 373 317 41 349 39 37 8 

* Early evening, moderate interference 
f Late evening/early mormng, low interference 

TABLE 2 5 RANGING TONE CARRIER-TO NOISE POWER DENSITIES 

Predicted Measured 

Maximum* Average* Maxmnit Average tReceiver (dB Hz) (dB Hz) (dB Hz) (dB Hz) (diH Hz)
 

1 287 297 262 29 255
 

2 27 289 274 32 283
 

3 30 299 279 302 288
 

4 283 307 275 306 311
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SECTION III 

SYSTEM DESCRIPTION 

This section describes the major system components comprising the VHF Range/Range 
Experiment, the differential ranging techniques utilized, and the subsequent deternimation of 
position A more detailed description of the system hardware is presented in Section IV and the 
appendixes, a detailed analysis of the algorithm utilized to determine position is also presented in 
the appendix material 

A Major System Component Description 

The major components comprising the VHF Range/Range Experiment are depicted in 
Figure 3-1 and consist of the Ground Control Center (GCC), reference transponder, aircraft 
transponder, ATS-! satellite, and the ATS-3 satellite Another vital component m the experiment 
itself was Texas Instruments ASR-7 airport surveillance radar which is also depicted m 
Figure 3-1 The radar unit was utilized to provide truth measurements of the aircraft location 
against which VHF Range/Range determined position could be compared 

The ground control center was located in the North Building of Texas Instruments Dallas 
plant Housed in the same room with the GCC was the reference transponder The aircraft 
transponder was mounted onboard a DC-3 aircraft which flew within a 35-mile radius of the 
location of the GCC At the time the experiment was conducted, the ATS-l satellite was located 
approximately 00 latitude and 1500 west longitude and the ATS-3 satellite was located 
approximately 00 latitude and 45' west longitude 

Each satellite serves as a transponder which receives in a 100-kHz frequency band centered 
at 149 22 MHz and transmits in a 100-kHz frequency band centered at 135 6 MHz The ATS-3 
satellite receives from and transmits to both the GCC and the transponders, whereas the ATS-1 
satellite only receives from the transponders and transmits to the GCC Thus the ATS-3 satellite 
is termed the "master" satellite in that it transmits the ranging tones to the transponders, 
whereas the ATS-l satellite is termed the "slave" satellite in that it merely relays the 
transponded ranging tones from the transponders back to the GCC 

The aircraft and reference transponders receive at 135 6 MHz and transmit at 149 22 MHz 
The required ranging tones are generated at the Ground Control Center, relayed via the ATS-3 
satellite to the aircraft and the reference transponders, retransmitted by the transponders on two 
different frequency channels to the GCC via both the ATS-l and ATS-3 satellites, and processed 
at the GCC to determine the path lengths from the remote terminals to the satellites A more 
detailed description of the position determination techniques utilized, in particular the concept 
of differential ranging, is presented m the following subsection 

B Position Deterrmnation Techniques 

The position of the remote or aircraft transponder is defined by the mtersection of three 
spheres of position, each of which includes the aircraft terminal's position One sphere is 
concentric with the earth's surface and has a radius defined by the known altitude of the aircraft 
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transponder plus the earth's radius A second sphere is centered at the ATS-1 satellite position 
and has a radius equal to the measured range from the transponder to the satellite (RA ) 

Similarly, a third sphere-ofposition is defined by the measured range from the transponder to 
the ATS-3 satellite (RA3) The distance from each satellite to the aircraft terminal can be 
determined by measuring the phase differences between the tones transmitted by the GCC and 
the tones received from the aircraft terminal via both the ATS-1 and ATS-3 satellites The 
mathematics and coordinate system involved in transforming the phase measurements to distance 
measurements, and the subsequent calculation of position, is presented in detail in Appendix B 

In deternuning the phase differences, and making the subsequent position location 
calculations, there are basic sources of error with which to contend These sources are 
ionospheric effects, drifts in satellite position, bulk equipment delays, and drifts in the bulk 
equipment delays These error sources can be reduced to a second-order effect by establishing 
some form of a differential technique utilizing a reference transponder However, the use of a 
reference transponder is complicated by the receive system in the GCC being a frequency 
division multiplex rather than a time division multiplex system The aircraft and reference 
transponders have to be assigned to two different transmit frequency channels and subsequently 
received by two different receive channels in the GCC whose bulk delay differs This problem 
can be resolved by utilizing a "calibration run" where all receive channels in the GCC are 
assigned to the reference transponder 

To determine the effectiveness of reducing the above-mentioned error sources, three differ
ent algorithms were utilized in making the position location calculations These three methods 
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are 

Position location using absolute ranging 

Differential position location using absolute ranging 

Position location using differential ranging 

Each of these methods will be discussed in detail in the paragraphs that follow 

1 Absolute Ranging/Absolute Position Determination 

Figure 3-2 depicts the receiver assignments utilized for all three of the above-listed 
methods, the phase measurements, 0, from each of the four receivers contain the following 
ranging information 

1 -> 2RS' + 2 RA + ei 

2 -4Rs1 + 62 

3 RRS3 + RA RA, +Rs, +e 3 

-4 2R,, + 2Rs, + C4 

The nomenclature utilized here is consistent with that depicted in Figure 3-1 In a true absolute 
ranging/absolute position location determination scheme, the phase error terms el and 63 would 
be ignored, and the ranges RA 1 and RA 3 would be determined by 

Kqi - 2R, 
RA== 2 

RA, =K03 - R,, -R RA, 

where K is a phase delay-to-distance conversion constant However, it was found that the bulk 
delays, especially m the GCC receivers, were too great to allow any reasonable results to be 
obtained Hence, a calibration run was utilized to reduce the bulk delays to a second-order 
effect To aid m describing the usefulness of a calibration run, the error terms will been 
examined more closely 

Each error term e. is composed of a common mode error and a receiver error, or more 
definitively 

ei = 2em + eR, 

=e2 2em + e1, 

63 = e = , + ecm, + eR, 

6 4 = Ccm + Em, + 6R. 
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Figure 3-2 GCC Receiver Assignments
 

where 

cru = common mode error in path from GCC to ATS-3 satellite to3 


transponderor vice versa 
6
e mru = common mode error in path from transponder to ATS-1 

satellite to GCC 

e~n = error associated with particular A/R tone and Omega 
receiver chain at GCC 

It is assumed in the above definitions of the error terms that the aircraft transponder and 
reference transponder were located close enough to one another that the errors derived in going 
to or from a given satellite to either the reference or aircraft transponder were identical 

In the calibration run all four GCC receivers are assigned to the reference transponder 
The resulting phase measurements (4 , C) contain the following ranging information 

01i - 4R, + 4 e.m + ER, 

2e -+ 4RS3 + 4ecru3 + eR 

03C -+ 2RS3 + 2Rs, + 2ecu + 2ecm +ER 

¢% -+ 2Rs + 2Rs + 2em 3+ 2Ecru + ER. 
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Subtracting the calibration measurements from the phase measurements would reduce all fixed, 
tune-invariant, phase error terms to a second-order effect The subtraction of calibration data 
from the phase data, and the subsequent determination of position is defined in this report as 
the absolute ranging/absolute position determination method, although it is a method in which 
time-invariant error sources are reduced to a second-order effect 

Absolute Ranging/Differential Position Determination 

This method attempts to reduce to a second-order effect the time-variant errors caused 
by equipment delay drifts and drifts in the satellite positions In this method, GCC receivers 2 
and 4 are utilized to calculate, by the absolute ranging/absolute position determination method, 
the location of the reference transponder Since the position of the transponder is known a 
prion, A latitude and A longitude errors can be determined and applied to the aircraft latitude 
and longitude readings This method assumes that the time-variant errors in the phase 
measurements can be linearly reduced to a second-order effect by subtracting position 
measurements resulting from the phase measurements 

Differential Rangig/Absolute Position Determination 

This method also attempts to reduce to a second-order effect the tne-variant errors 
In this method, however, the time-variant phase errors are reduced to a second-order effect at 
the phase measurement level, rather than the position determination level In this method, the 
ranges RA and RA2 are determined by the following equations 

(02 - OC) - (01 -
RA = R 2 

--,c,)2(10,RA,R,,=+((0 -+((0
RA =Rs +(¢a -- % 2 

The advantage of this method over the absolute ranging/differential position determination 
method is that the time-variant phase errors are linearly reduced to a second-order effect before 
being applied to the quadratic position determination equations 

As previously mentioned, the mathematics and coordinate system involved in trans
forming the phase measurements to distance measurements, and the subsequent calculation of 
position, is presented in detail in Appendix B However, Appendix B only describes the on-line 
position determination software utilized in the GCC data processor, and thus does not cover the 
differential ranging/absolute position determination method The data for this method was 
obtained off-line in a separate computer program utilizing the raw phase data stored on magnetic 
tape by the on-line GCC software 
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SECTION IV
 

HARDWARE DESCRIPTION
 

A Ground Control Center Description 

The Ground Control Center (GCC) utilized in the VHF Satellite Navigation Experiment 
consists of the OPLE Control Center modified to meet the requirements of the VHF Navigation 
Experiment The modifications were made in such a way that the equipment can be readily 
converted to either an OPLE Experiment configuration or a VHF Range/Range configuration 
This section will briefly describe the function of the GCC in the VHF Range/Range Experiment 
Description of the component parts of the GCC, the modifications made to the equipment, and 
the software developed for the VHF Range/Range Experiment are provided in Appendix A 

The GCC, as shown in the simplified block diagram m Figure 4-1, generates the ranging 
tones (in the self-check subsystem) and transmits them to the ATS-3 satellite The returned 
ranging tones are received from the ATS-1 and ATS-3 satellites, coherently demodulated, and 
processed in the data processor 

The ranging tones and the Acquisition/Reference (A/R) tone output of the self-check 
subsystem are up-converted to approximately 10 78 MHz and summed with the output of the 
Pilot Tone Transmit synthesizer The resulting output of the summing amphfier is then 
up-converted to approximately 149 2 MHz, amplified, passed through the ATS-3 VHF diplexer, 
and transmitted to the ATS-3 satellite The received signal from the ATS-3 satellite is passed 
through the ATS-3 diplexer to the preamplifier and down-converted to 5 MHz in the ATS-3 
NEMS-CLARKE VHF receiver The pilot tone phase-lock loop acquires phase lock to the 
received pilot tone which is included in the 5-MHz IF output of the VHF receiver Then, via the 
pilot tone phase-lock loop feedback input to the VHF receiver, the frequency jitter introduced 
by the ATS-3 satellite on the return link from the transponders is tracked out The 5-MHz 
output of the ATS-3 VHF receiver is also applied to the A/R tone phase-lock loops No 1 and 
No 2, which provide the capability for receiving two separate ranging tone channels from the 
ATS-3 satellite One channel is assigned to the aircraft transponder, and the other channel is 
assigned to the reference transponder or a second aircraft transponder 

A pilot tone phase-lock loop is not required on the ATS-1 NEMS-CLARKE VHF receiver 
The transponders remove the frequency jitter introduced by the ATS-3 satellite on the link to 
the terminal, and frequency jitter is not introduced by the ATS-1 satellite on the return link to 
the GCC The 5-MHz output of the ATS-1 VHF receiver is applied to the A/R tone phase-lock 
loops No 3 and No 4 Again, one channel is assigned to the aircraft transponder and the other 
channel is assigned to the reference transponder or a second aircraft transponder 

B Transponder Description 

The transponder developed for the VHF Navigation Experiment functions as a transponder 
for the ranging signals as received from ATS-3 Two of the transponders were constructed, one 
for use as a reference terminal at the GCC, and one for use as an aircraft terminal in the aircraft 
being tracked during the experiment Both of these transponders were identical (except for 
transmt frequency) and were packaged in a standard 1/2 long Austin Trumbell Radio (ATR) 
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Figure 4-1 Ground Control Center, Simplified Block Diagram 

case as shown in Figure 4-2 The following paragraphs provide a brief description of the 
transponder, a more detailed descnption is provided in Appendix C 

The transponder, as shown in Figure 4-3, consists of a dual conversion receiver (containing a 
pilot tone phase-ock loop), a transmitter and a diplexer The incoming signal, as received from 
ArS-3, includes a pilot tone and a set of ranging tones (one Acquisition/Reference tone and-one 
sidetone spaced 941 Hz away from the A/R tone) 

The receiver converts the incoming signal (at 135 6 MHz) to a first IF frequency of 70 MHz 
At that point the signal is converted to second IF frequencies of 10 7 MHz and 10 665 MHz 
which are the IF frequencies of the pilot zone and ranging signals, respectively The pilot tone 
phase-ock loop locks the incoming pilot tone to an internal reference oscillator (at 10 7 MHz) 
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Although the main function of this phase-lock loop is to remove low frequency phase jitter 
(imparted by ATS-3) from the ranging signal, it also centers the ranging signals in the 
10 665-MHz IF filter 

The ranging signal spectrum, after being filtered and amplified at 10 665 MHz, is 
up-converted to 149 2 MHz and amplified for transmission to a 4-watt level The 149 2-MHz 
signal then passes through the diplexer (which isolates the transmitter and receiver) before being 
sent to the antenna 

During the experiment, it was determined that the transponder output power needed 
further amplification to a 30-watt level As an expedient, Texas Instruments provided a 
commercial vacuum tube linear amplifier (Gonset Model 903A) for each of the two transponders 
The Gonset linear amplifier was driven by the solid-state power amplifier in the transponder, the 
Gonset's output was connected to the transmit part of the diplexer in place of the normal 
(internal) solid-state power amplifier's output 

Table 4-1 describes the operating characteristics of the transponder 

C Real-Time Position Display Equipment 

The real-tne positon display equipment was developed by Texas Instruments on internal 
funds for on-line system checkout purposes This equipment proved invaluable in system 
debugging in that an on-line display of the position computation was available for immediate 
analyzation, rather than having to take the system off-line to verify the data A block diagram of 
the real-time position display equipment is shown in Figure 4-4 

The equipment is basically divided into two sections or subsystems, one subsystem being 
located at the radar facility and the other subsystem at the Ground Control Center The 
subsystem at the radar facility counts azimuth and range pulses until a target with a 
predetermined window on the planned position indicator (PPI) has been recognized At this tune 
the azimuth and range counts are transmitted via telephone lines to the subsystem at the Ground 
Control Center At the Ground Control Center the received data is input into the DMI Data-620 
computer via the control electromcs subsystem The position location data, both radar and VHF 
Range/Range determined, is output from the 620 computer via the control electronics subsystem 
to a bank of registers and digital-to-analog converters The analog signals are multiplexed and 
then presented on a Hewlett-Packard 1300A X-Y display unit Each of the two subsystems 
comprising the real-time position display equipment are discussed in detail in the following 
subsections 

1 Radar Subsystem 

The subsystem at the radar site interfaces with a Texas Instruments type ASR-7 
Airport Surveillance Radar Definitions of the signals from the ASR-7 radar utilized by the radar 
system are 

ACP-Azimuth change pulse, 4096 of these pulses occur in 360 degrees 

ARP-Azimuth reference pulse, pulse that occurs when the radar antenna is 
pointing true north 
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TABLE 4-1 TRANSPONDER CHARACTERISTICS 

A 	 Operating Frequencies 

1 	 Receive (ranging tones) 135 60125 MIz ±1 0 kHz 
2 Receive (pilot tone) 135 56625 MHz ±1 0 kHz
 
3 Transmit (ref terminal) 149 20843 MHz ±1 5 kHz
 
4 Transmit (aicraft) 149 23123 MHz ±1 5 kHz
 

B 	 Transmitter 

1 Power Output 4 0 watts miimum
 
2 Nominal antenna impedance 50 ±jo ohms
 
3 Maximum permissible VSWR 1 8
 
4 Spurious outputs (harmomcally related) -30 dB
 
5 	 Spurious outputs (nonharmonically related) -70 dB (this does not include 

P A linearity) 

C 	 Receiver 

1 Noise figure (overall, including diplexer) 6 dB 
2 Cross modulation 1%mamum cross modulation for -30dB interfering 

signal with 30%modulation 
3 Spurious response rejection rejects all signals below -70 dBm 
4 IFbandwidth 6 kHz 
5 IF shape factor 3 0 

D 	 Phase-Lock Loop 

1 Pull in range ±2 0 kHz
 
2 Hold in range ±4 0 kHz
 
3 Lock up time 10 seconds maxirum
 
4 	 Loop noise bandwidth 200 Hz 

E 	 Power Requirements 
1 +12V ±1% at 0 3 amperes 
2 -12V ±1% at 0 3 amperes 
3 +13V ±1% at 1 7 amperes 

F 	 Power Supplies-Laboratory supplies operated from L1OV 60 Hz AC 

G 	 Other Specifications 

1 AGC dynamic range 60 dB maximum 
2 AGC tune constant 0 01 second 
3 Platform phase error contribution ±10 degrees maximum 
4 Linerarity Intermodulation Distortion Products Suppression >20 dB 

H 	 Mechanical Description 

1 Size V2ATR, 19Vzmches long, 5 inches wide, 7'/ inches high 
2 Weight 16 pounds 

G Shift-Range pulses, 1200 pulses occur for every 60 nautical miles 

Display Tagger-Pulse that marks the firng of the radar transmitter (0-nautical 
mile range) 

Threshold Pulse-Pulse that indicates the returned radar signal has exceeded a 
predetermined level, thereby indicating a target has been found 

The subsystem consists of an azimuth counter, a range counter, a 24-bit holding register, a bit 
rate clock circmt wuch generates only 24-bit clocks, and a window or aperture circuit 

The 	window or aperture circuit serves to allow the recognition of targets only within 
the window itself The APR pulse and the display trigger pulse are first delayed thorough delay 
lines which can accommodate varying amounts of delay The outputs of the delay lines service 
one-shot multivibrators whose outputs can be varied in pulse duration The outputs of the two 
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one-shots are then ANDed together to generate a pulse which serves as a window within which a 
target can be recognzed Should a threshold pulse occur when the window pulse is present, a 
fhp-flop is set (HOLD) to indicate the desired target has been located 

Also, on the occurrence of ARP pulse and the display trigger pulse, the azimuth 
counter and range counter are respectively cleared These counters then begin counting azimuth 
and range pulses until the signal HOLD becomes true At this time, the counts in the azimuth 
and range counters are input into the 24-bit holding register At the same time, the 24-count bit 
rate clock circuit is enabled The 24-bit clocks serve to serially shift the data into the 24-bit 
holding register in the subsystem located at the Ground Control Center After the occurrence of 
the 24th bit clock, the bit clock circut is disabled and a data available pulse is sent to the 
subsystem located at the Ground Control Center to serve as a computer interrupt 

2 Ground Control Center Subsystem 

The subsystem at the GCC provides an interface for both inputting the raw radar data 
into the GCC processor and outputting both the radar and VHF Range/Range position location 
data to the Hewlett-Packard 1300A X-Y display The circuitry for inputting the raw radar data 
into the GCC simply consists of a 24-bit holding register The circutry for outputting the radar 
and VHF Range/Range position location data to the display unit consists of address decoding 
and holding registers, six 8-bit digital-to-analog converters, modulation circuitry for modulating 
the analog-converted radar data, a three-channel analog multiplexer, and a Hewlett-Packard 
1300A X-Y display 

Each position-located calculation that is output from the OPLE Control Center (OCC) 
processor must be prefaced with an address to indicate whether the data was computed from the 
raw radar data, raw phase data from the airborne transponder, or raw phase data from the 
reference transponder The three holding registers are each eqnpped with address decoding logic 
to allow steering of the data on the common processor bus into the appropriate register Each 
holding register consists of- two 8-bit sections, one section containing the latitude or Y-data and 
the other section containing the longitude or X-data Each 8-bit section is assigned to an 8-bit 
digital-to-analog converter to convert the digital data to an analog format for presentation to the 
display unit via the multiplexer The modulation circuitry consists of a sine-wave generator 
whose output and complement are summed with the radar's longitude and latitude, respectively 
The resultant modulated latitude and longitude signals will produce a circular position location 
display rather than a dot The outputs of the D/A converters are multiplexed in a three-channel, 
two-pole multiplexer whose channel selection is governed by a three-count counter driven from 
the same generator that provided the modulating sine wave The output of the multiplexer is 
presented to the Hewlett-Packard 1300A X-Y display A transparent area map overlay was made, 
with the OCC at the center point of the overlay, to correlate the display with actual geographic 
location 
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SECTION V 

DESCRIPTION OF THE EXPERIMENT 

The VHF Range/Range Experiment was conducted by Texas Instruments in two separate 
phases Each phase, and the subsequent experiments within each phase, involves different 
configurations of the Ground Control Center and the transponders The advantage of this 
approach was that system parameters, such as satellite-to-ground VHF link measurements, could 
be measured without having the system in its final configuration 

The first phase was essentially a system checkout phase The parameters determined in this 
phase were the VHF helical antenna patterns and the antenna pattern of the Dome and Margolm 
Satcom Antenna DMC33-2, the satellite-to-ground and satellite-to-aircraft VHF links, and the 
transfer characteristics of both the ATS-1 and ATS-3 satellites The second phase was a system 
performance phase which consisted of Jhe on-line position computation and display of resulting 
position and an off-line analysis of the resulting data Each phase of the experiment is discussed 
in detail as follows 

A Subsystem Checkout Phase 

1 Dorne-Margolm Aircraft Antenna Pattern 

The purpose of this experiment was to determine the characteristics of the 
Dorne-Margolm Satcom Antenna DMC33-2 as mounted on the Texas Instruments DC-3 aircraft 
The configuration of the equipment used to determine the characteristics of the aircraft antenna 
is shown in Figure 5-1 

The sequence of the experiment was as follows 

ATS-3 satellite was saturated to serve as a beacon by a single tone transmitted 
from the Mojave Ground Station 

Signal-to-noise measurements were made at aircraft transponder for various 
aircraft headings and orientations The signal-to-noise measurements were 
made by measuring the phase detector output noise and comparing this 
measurement against predetermined signal-to-noise calibration data An 
oscillograph was also used to enable postanalyzation of the data 

Signal-to-noise measurements were made concurrently at reference transponder, in 
the same manner as described above, to normalize the aircraft signal-to-noise 
measurements 

2 VHF Helical Antenna Pattern 

The purpose of this experiment was to determine the characteristics of both the ATS-l 
and ATS-3 helical antennas The configuration of the eqmpment used to determine the 
characteristics of the VHF helical antennas is shown in Figure 5-2 The sequence of the 
experiment was as follows 

ATS-3 satellite was saturated to serve as a beacon by a single tone transmitted 
from the Mojave Ground Station 
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Figure 5 1 Aircraft Antenna Pattern Measurement Configuration 

Signal-to-noise measurements were made at Ground Control Center for various 
ATS-1 or ATS-3 VHF helical antenna orientations The ATS-3 receive 
subsystem was alternately connected to the ATS-1 and ATS-3 VHF antennas 
The signal-to-noise measurements were made by measuring the phase detector 
output noise of the pilot tone phase-lock loop and comparing the 
measurement against predetermined signal-to-noise calibration data An 
oscillograph was also used to enable postanalyzation of the data 
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Figre 5-2 VHF Antenna Pattern Measurement Configuration 

3 VHF Link Measurements 

The purpose of this experiment was to determine the satellite-to-aircraft VHF link 
losses The configuration of the eqmpment used to determine the link losses is shown in 
Figure 5-3 The sequence of the experiment was as follows 

ATS-3 was saturated by transmitting the pilot tone at approxmately 2000-W ERP 
from the ATS-1 antenna This amount of power was obtained by amplifying 
the transmitter driver output by a Boonton power amplifier and then 
amplifying the resultant by a Gonset 2-meter, 200-W power amplifier located 
on the roof of the North Building next to the ATS-1 antenna 
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The 	return signal-to-noise was measured at both the aircraft and reference trans
ponder and the Ground Control Center using the same procedure described 
in the preceding subsections Knowing the received signal strength from the 
signal-to-noise measurements, and assuming a +46-dBm signal from the ATS-3 
satellite, the link losses can be determined Tlus test was repeated for the 
ATS-1 satellite, again assuming a +46-dBm signal from the ATS-1 satellite 

Satellite Power Transfer Measurements 

The purpose of this experiment was to determine the power transfer characteristics of 
the ATS-1 and ATS-3 satellites The configuration of the equipment used to determine the 
power transfer characteristics of ATS-3 is shown in Figure 5-4 The sequence of the experiment 
was as follows 

A controlled and variable amount of pilot tone signal was transmitted first to the 
ATS-1 and then to the ATS-3 satellite The return signal-to-noise from the 
ATS-1 or ATS-3 satellite was measured at the Ground Control Center via the 
pilot tone phase-lock loop as described in Subsections V A 1 and V A 2 

A plot was constructed of transmitted power versus received signal-to-noise at the 
Ground Control Center Having previously measured the ATS-1 and ATS-3 
VHF link losses, the transmitted power can be converted to satellite received 
power and the received signal-to-noise at the Ground Control Center can be 
converted to transmitted satellite signal power 

B 	 System Performance 

1 	 On-Line Position Location and Display 

The system configuration utilized in conducting the on-line position location 
experiment is depicted in Figure 5-5 The major components consist of the modified Ground 
Control Center, reference transponder, aircraft transponder and the ATS-! and ATS-3 satellites 
Texas Instruments-funded equipments consisted of the ASR-7 radar unit, radar interface 
equipment, real-time position display equipment, use of Texas Instruments DC-3 aircraft with a 
Dome and Margolm DMC33-2 VHF aircraft antenna, and a NARCO radio telephone to provide 
voice commumcations with the aircraft 

The Ground Control Center, reference transponder, and aircraft transponder, m 
conjunction with the ATS-1 and ATS-3 satellites and the Texas Instruments DC-3 aircraft, 
provided the VHF Range/Range position-location data The ASR-7 radar unit provided "truth" 
measurements of the aircraft position in terms of slant range and bearing The real-tune position 
display equipment provided a means of displaying on-me the position of the aircraft as 
determined by both the ASR-7 radar and the VHF Range/Range equipment Finally, the 
NARCO radio equipment provided voice commumcations with the aircraft to enable effective 
coordination and verification of the flight plan in use In addition to displaying the position 
data, the raw phase data as well as the radar and VHF Range/Range position data was stored on 
magnetic tape for subsequent off-line processing 
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Figure 5-4 Satelite Power Transfer Measurement Configuration 

2 Off-Line Analysis 

The first step in the off-line data analysis program was to recompute the aircraft 
position from the raw VHF Range/Range phase data by three different position determination 

Absolute Ranging and Position Determination 

Differential Ranging and Position Determination 

Absolute Ranging and Differential Position Determination 

Each of these three techniques is discussed in more detail 
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Subsection III B presented a somewhat detailed discussion of the second technique 
listed above The purpose behind tone ranging is to determine the range from the ATS-1 and 
ATS-3 satellites to the aircraft transponder It was also concluded in Subsection III B that by 
simultaneously ranging to a reference transponder at a known location, the common mode error 
sources (some of which vary with tune) can be canceled to a first-order approximation However, 
the calibration run, which was used to cancel the error sources associated with using different 
receive channels at the Ground Control Center, can also be used to cancel to a first-order 
approximation those common mode error sources which are constant over a short-term time 
period such as 30 minutes The equations for the absolute ranging technique, using the same 
phase-lock loop receiver assignments as presented m Figure 3-2 are as follows 

=R, 2 + R s
1 

01 - 01 
R2 = 03 - c 2 RS2(5-1) 

Having determined R, and R2 by the absolute ranging technique, the position of the aircraft 
transponder can be calculated 

Note in Equation (5-1) that the phase-lock loop receivers 2 and 4, which are assigned 
to the reference transponder via the ATS-3 and ATS-1 satellites, respectively, are not utilized By 
using the phase information in receivers 2 and 4 in the same manner as the phase infornation in 
receivers 1 and 3 were used m Equation (5-1), a determination of the range error caused by 
time-varying common mode error sources can be made Furthermore, this range error can be 
converted to X- and Y-coordnate position error and subtracted from the position determined 
from tne absolute ranging and position determination technique This technique is referred to as 
the absolute ranging and differential position determination technique 

Having determined the position of the aircraft transponder by each of the three 
techniques discussed above, it is now necessary to determine the error associated with each of 
the three techniques In conducting the on-line VHF Range/Range experiment, two different 
modes of operation with respect to the aircraft transponder mounted on board the Texas 
Instruments DC-3 were used In one case, the DC-3 was stationary on an airport runway, thereby 
enabling static position determination tests to be made In the other case, the DC-3 was airborne 
at approximately 5000 feet For the static case, the following error analysis was made 

Mean offset in X-direction (east-west) from known position 

Mean offset in Y-direction (north-south) from known position 

RMS offset in X-direction from known position 

RMS offset m Y-direction from known position 

Variance in X-direction 

Variance in Y-direction 

For the airborne case, the following error analysis was made 
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Mean offset in X-direction from radar-determined position 

Mean offset m Y-direction from radar-determined position 

RMS offset m X-direction from radar-determined position 

RMS offset in Y-direction from radar-determined position 

Variance in X-direction 

Variance in Y-direction 
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SECTION VI 

ANALYSIS OF EXPERIMENTAL RESULTS 

The major objective of the experiment was to evaluate the performance of the alternate 
position location techniques and to compare the accuracy of the differential ranging technique 
with its predicted performance To establish reasonable estimates for the predicted position
location error, extensive measurements were also made of the RF link performance This data is 
also summarized in this report 

A Position Location 

During the course of this contract, a number of real-time comparative flight demonstrations 
and experiments were performed using the satellite system and a Texas Instruments airport
surveillance radar as a source of ground truth data Aircraft flights were made within a range of 
approximately 70 miles of Dallas, Texas The details of the experimental implementation are 
given in Section V In this section the performance obtained during four experiments is analyzed 
and discussed Two experiments were actual flight tests and two were static tests performed with 

-the aircraft on the ground The data presented represents a large number of data prints taken 
during each experiment 

1 Comparison of Position Location Techmques 

Table 6-1 shows a comparison of the rms latitude and longitude errors for the three 
methods of position location described in Section III Both of the differential ranging techniques 
are superior to the absolute ranging technique This is particularly well illustrated in Flight Data 
File 2 where the latitude error is approximately 10 times greater in the absolute mode than in 
the differential modes 

TABLE 6 1 POSITION LOCATION ERRORS 

Absolute Ranging Differential Position Differential Ranging 

Experiment No Latitude Longitude Latitude Longitude Latitude Longitude
Description Samples Error(nm) Error (nmi) Error (nmm) Error (nmn) Error(nmi) Error(mi) 

Flght Data
 
File 2 177 1829 264 170 305 163 322
 
File 12 91 534 611 438 215 414 221
 

Static Data
 
File 5 116 434 246 451 123 427 138
 
File 6 140 365 507 292 1 85 257 203
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The position location results derived in the flight experiments are also depicted in 
Figures 6-1 and 6-2 which show the flight paths of the aircraft, as determined by the satellite 
system and radar, for the trials recorded on Flight Files 2 and 12 A number of factors should be 
noted in these results 

* 	 Very large position errors that occur for short durations (such as in File 2) 
represent drop-out of the phase-locked loops caused by interference due to VHF 
aircraft voice commuications 

* 	 Discontinuities in the radar coverage are due to the maximum and mmnur range 
limitations of the radar 

* 	 Noticeable bias errors exist between the radar and satellite determined positions 

The bias errors are discussed in Appendix D and are considered in more detail in the next 
subsection where the measured and expected errors are compared 

2 	 Comparison of Measured and Expected Errors 

The experimental results obtained for position location using the differential ranging 
technique were analyzed, as described in Appendix B, to determine the rms error, the bias error, 
and deviation from the mean These results are shown in Table 6-2 for the static and flight tests 
Also included are the predicted deviation errors wluch were derived in Appendix D from an 
analysis of the various error sources and the Geometric Dilution of Precision (GDOP) effect 

TABLE 6 2 COMPARISON OF EXPERIMENTAL AND PREDICTED 

POSITION LOCATION ERRORS FOR DIFFERENTIAL RANGING 

Experimental Results 	 Predicted Results 

Latitude Error(nini) Longitude Error (nrni) Latitude Longitude 
Error Error 

Description tris Mean Deviation INs Mean Deviation (ni) (rn) 

Flight Data 
File 2 163 022 161 322 297 123 275 175 
Filei2 414 -349 244 221 153 159 275 175 

Static Data 

File 5 427 413 109 138 108 086 150 093 
File 6 257 -206 153 203 183 088 150 093 

Agreement between the predicted and measured deviation errors for the static tests is 
very good The longitude errors for File 5 and File 6 are 0 86 miand 0 88 nmi, respectively, 
and the predicted error is 0 93 nmi The latitude errors for File 5 and 6 are 1 09 nini and 
1 53 nrm, respectively, as compared with a predicted error of 1 50 nmi It should be noted that 
the mean square deviation in latitude for Files 5 and 6 is 133 nmi which is also very close to the 
predicted result 

A comparison of the predicted and measured deviation errors for the flight tests shows 
that the actual errors are consistently less than the predicted errors The predicted latitude error 
is 2 75 nm, but the measured results for Files 2 and 12 are 1 61 and 2 44 nmi, respectively The 
predicted longitude error is 1 75 nn while the measured results were 1 23 and 1 59 num for 
Files 2 and 12, respectively As a result of the good agreement obtained in the static tests, the 
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lack of agreement obtained in the flight tests is most likely due to maccurate estimation of the 
two additional error sources which are the ionospheric effect and the multipath effect 

As a result of the differential ranging measurements made between the aircraft and the 
reference terminal, and the relative proximity of the aircraft and reference terminals during this 
experiment, it may be inferred that the error contribution of 1 8 km caused by the ionosphere 
(Table D-6 of Appendix D) is excessive If this error source is essentially eliminated, then the 
predicted latitude and longitude errors become 2 4 and 1 5 nmi, respectively These results are in 
better agreement with the experimental data, although still larger It appears, therefore, that the 
multipath contribution assigned in Appendix D may also be too large 

It should be noted that the bias errors in the experimental data in Table 6-2 show no 
particular trend Bias errors can be caused by a number of effects which include instrumentation 
bias error and ground truth error The bias errors introduced by the GCC are due to errors in 
phase measurement caused by the phase detector and by phase shifts associated with the use of a 
frequency division multiplexed system for the detection and measurement of the various ranging 
signals 

B RF Link Measurements 

1 Link Losses 

The procedure used to measure the down-link losses is described in Subsection V A 3 
The experimentally determined up-link losses were derived from the measured down-link losses 
by taking into consideration the theoretical difference in free-space losses, and cable and diplexer 
losses Over a 2-month period, several measurements were made for each of the link losses and 
the values tabulated m Table 6-3 are an average of these measurements The predicted values are 
derived in Appendix E 

The stabilization spin imparted to both satellites in conjunction with the individual 
phasing of the signals fed to each satellite antenna results in a constant sinusoidal variation in the 
signal strength The frequency of this spin modulation is approximately 13 Hz and the 
peak-to-peak excursions for the ATS-1 and ATS-3 satellites are 2 and 6 dB, respectively The 
effect of spin modulation on the measured losses was included by considering the median 
received signal level 

TABLE 6 3 LINK LOSSES 

Link Predicted (d) Measured (dB) 

Nominal Worst Case 

GCC-to ATS 3 -iS7 -161 2 -159 
Aircraft-to ATS 3 -171 3 -178 5 -170 
Aircraft to ATS 1 -171 3 -178 5 -170 
Reference to ATS-3 -172 3 -176 5 -169 

Reference-to-ATS-1 -172 3 -176 5 -174 
ATS-3 to-GCC -155 7 -159 7 -158 
ATS-3 to Aircraft -171 2 -178 2 -170 
ATS-3 to Reference -170 7 -174 7 -168 
ATS 1-to GCC -154 2 -158 2 -160 
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As shown in Table 6-3, with the exception of the ATS-1-to-GCC loss, the measured 
and predicted nominal link losses agree to within approximately 3 dB The discrepancy m the 
predicted and measured ATS-1 link loss is most likely caused by the relatively low elevation 
angle (21 degrees) of the satellite at the time the measurements were made 

As was anticipated, the signal levels at the aircraft showed considerable multipath 
related variations These signal fluctuations were on the order of 4 dB This should be considered 
only as a nominal multipath effect because larger variations can be encountered if the aircraft is 
flying toward or away from the satellite The effects are especially pronounced during the time 
that the aircraft is ascending or descending 

2 Satellite Characteristics 

Power transfer curves for ATS-1 and ATS-3 VHF repeaters were experimentally 
determined as described in Subsection V A 4 by varying the power of the pilot tone transmitted 
to the satellite under test and measuring the received signal level at the GCC Theoretical transfer 
curves were generated and compared with the experimental data to verify the link losses and 
power sharing at the satellites 

For each measured transmitted signal level, a scattered group of received signal levels 
was recorded These data points were plotted and a curve was drawn connecting the maximum 
received signal-level points while another was drawn connecting the minimum signal-level points 
A third curve was drawn between the maximum and mimmum curves so that approximately half 
of the data points were above this average measured signal curve 

The resulting power transfer curves for ATS-1 and ATS-3 are shown in Figures 6-3 and 
6-4, respectively Comparison of the two experimental satellite power transfer curves shows that 
ATS-3 was approaching saturation with the GCC transmitting 50 dBm of pilot tone power while 
ATS-1 was still several decibels below saturation This difference reflects the higher link loss 
between the GCC (ATS-3 antenna) and ATS-1 The satellite transfer characteristics are essentially 
linear for transmitted levels less than 42 dBm because the predominate satellite input power is 
the relatively constant noise power For GCC transmitted levels greater than 42 dBm, the 
received pilot tone signal at the satelhte is a significant component of the total input power and 
the slope of the transfer curve begins to decrease 

The predicted power transfer curves were derived by using the basic power sharing 
equation derived in Appendix E in conjunction with the measured satellite-to-ground link losses 
In this particular application, the received pilot tone power (PR) at the GCC is given by 

PR= FPIT - LGS + PS - P~s - LSG 

where 

PPT = GCC transmitted pilot tone power 

PS = satellite output power 

Ps = input power to the satellite including noise and interference 
and excluding pilot tone 

LGS =appropnate ground-to-satellite link loss 

LSG = appropriate satellite-to-ground link loss 

GCC-to-satellite losses were inferred from the measured down link losses by taking into 
consideration the difference between the 135 6- and 149 2-MHz theoretical path losses along 

6-6 



-110
 

i 

z 
-
I -20 

z 

W 

0 

0 
> - AVERAGE MEASURED SIGNAL 

- - - PREDICTED 

-130 

1240L 8 

20 

pI I I 

30 

I a 

TRANSMITTER POWER 

a 

(DBM) 

I 

40 50 

Figure 6 3 ATS-1 Power Transfer Curve 



o 

-110

9.00 

m 

> //
 

~ - - PREDICTED 

-130 
20 30 

TRANSMITTER POWER (DOM) 

40 50 

124069 

Figure 6-4 ATS-3 Power Transt'e Curve 
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with cable and diplexer losses The link losses used in determining the theoretical curves are as 
follows 

ATS-1 (Utilizing GCC ATS-3 Antenna) 

ATS-1-GCC 156 5 dB
 
GCC-ATS-l 162 dB
 

ATS-3 (Utilizing GCC ATS-3 Antenna)
 

ATS-3-GCC 154 5 dB 
GCC-ATS-3 160 dB 

The diplexer losses for the down links are omitted so that the received power is referred to the 
antenna The total satellite input power for each transmitted power level was derived from the 
received pilot tone power and the empirical -1 13-dBm noise and interference power 

Comparison of the experimental and predicted curves shows a 1-dB-maximum deviation 
for the ATS-1 data and a 2-dB-maxunum deation for the ATS-3 data Because the predicted 
and experimental transfer curves approach saturation at the same GCC transmitter power level it 
can be concluded that if the link losses are correct then the assumed -1 13-dBm satellite noise 
power is also valid This is true because the slope of the transfer curve begins to decrease rapidly 
when the received signal is on the same order of magmtude as the noise power The discrepancy 
between the measured and predicted ATS-3 power transfer curve is most likely caused by the 
one-way link loss being approximately 1 dB greater during the test than the values used for the 
theoretical curve If this 1-dB error existed for both the up and down links, then the net result 
would be an experimentally determined curve which is down by 2 dB from the predicted curve 

System Carrier-to-Noise Power Density 

The details of the techmques employed in this experiment to determine the 
signal-to-noise power densities at the various receivers are discussed in Subsection V A 3 During 
each experiment, data from the meters used for this purpose was recorded at specified intervals 
while chart recorders provided a continuous record of received signal strengths 

As discussed m Appendix E, the camer-to-noise power density at any receiver is 
partially determined by the link losses between each repeater Momtoring of the ATS-3 
retransmitted pilot tone signal at the GCC and the transponders provided data for verification of 
power sharing at ATS-3 The predicted and measured pilot tone C/No values are listed in 
Tables 6-4 and 6-5 The predicted data is derived from Appendix E 

Chart recordings at the reference transponder showed that the received signal was 
relatively constant during an experiment period With the exception of local or satellite 
interference, signal variations in excess of 3 dB rarely occurred The received pilot tone signal at 
the GCC also remained relatively free of short term fluctuations The received signals at the 
aircraft, however, did exhibit frequent short-term fluctuation of a larger magnitude than that 
observed at the reference transponder These signal strength variations were caused by local 
interference and multipath effects During periods of heavy interference, the aircraft transponder 
would frequently lose lock Because of tis problem, the experiments were scheduled for a later 
time at night 
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TABLE 6-4 PILOT TONE CARRIER-TO NOISE POWER DENSITIES 

Predicted Measured 

Worst Maximum* Average* Maximumt Averaget 
Receiver Nominal Case (dB Hz) (dB Hz) (dB Hz) (dB Hz) 

GCC 483 431 472 462 518 51 

Aircraft 36 8 282 34 336 394 364 

Reference 373 317 41 349 39 378 

* 	Early evening, moderate mterference 
Late evening/early mornng, low interference 

TABLE 6 5 RANGING TONE CARRIER-TO NOISE POWER DENSITIES 

Measured 

Predicted Maxunum* Average* Maxamumt Averaget 
Receiver (dB Hz) (dB Hz) (dB Hz) (dB Hz) (dE Hz) 

1 287 297 262 29 255 

2 27 289 274 32 283 

3 30 299 279 302 288 

4 283 307 275 306 311 

Early evening, moderate interference 
t Late evening/early morning, low interference 
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SECTION VII 

CONCLUSIONS AND RECOMMENDATIONS 

Tins experiment, using some equipment previously developed for NASA, plus the con
tributions made by Texas Instruments, has yielded a self-contained air traffic surveillance system 
and has demonstrated 

* 	 The utility of synchronous satellites in the master/slave configuration using differential 
techniques to remove large common mode errors in the ranging measurements 

* 	 The capabilities of narrow-band sidetone ranging yielding position location accuracies 
of approximately 2 nmi for a 941-Hz sidetone 

* 	 The facility for real-time computation and display of aircraft position, using 
differential or absolute ranging techniques 

The following recommendations are made for future satellite air traffic surveillance systems 
employing sidetone ranging 

* A more usable frequency should be chosen, that is, one not subject to the interference 
level encountered at 135 6 MHz 

* 	 Time division multiplexing would remove some of the delay variation encountered in 
the frequency division multiplexed system used for this experiment 

* 	 A higher sidetone frequency should be chosen 

If the above improvements are made, the differential ranging position location techmques can 
yield improved accuracy on the order of 1 nrm Although this experiment was conducted at 
VHF, the principles demonstrated are equally applicable at the higher frequencies, such as 
L-band, more likely to be chosen for use in a satellite air traffic control system 
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APPENDIX A
 

GROUND CONTROL CENTER DESCRIPTION
 

I. GCC Hardware Description 

The Ground Control Center (GCC) consists of five functional subsystems and the necessary 
power supplies. Each subsystem is packaged in a separate drawer(s) or rack(s) to minimize the 
number of interconnecting cables. Figures A-1 through A-4 are photographs of the GCC equip
ment, including the two VHF antennas, and Figure A-5 is a functional block diagram of the 
GCC. Brief descriptions of the five functional subsystems are provided in the following paragraphs. 

A. Computer Subsystem 

The computer subsystem consists of a Data Machines Incorporated (DMI) Data-620 
computer, a Teletype Corporation Model ASR-35 teletypewriter, and an Ampex Corporation 
Mode TM-7 magnetic tape recorder. In the OPLE Experiment configuration the computer 
subsystem controls the Platform Electronics Package (PEP) interrogation data timing and 
sequencing, collects and stores the various OPLE Experiment data, formats and reads out the 
OPLE Experiment data, and processes the raw phase data from the PEP's and the Omega 
monitor receiver. In the VHF Range/Range Experiment configuration the computer subsystem 
controls the sidetone and Acquisition/Reference (A/R) tone transmission, collects and stores the 
VHF Range/Range Experiment data, processes the raw phase data, calculates on-line 
position-location data and outputs the position location data for a real-time display unit, collects 
and processes radar data for outputting to a real-time display unit, and outputs the entire VHF 
Range/Range Experiment data, including radar data, onto magnetic tape for further off-line 
processing. 

B. Control Electronics Subsystem 

The control electronics subsystem consists of the control console, the 
multiplexer/ADC, the 2.7-MHz rms frequency synthesizer, the 1-MHz frequency standard, and 
the logic drawer. In addition to interfacing the computer subsystem with the remainder of the 
GCC, the control electronics subsystem performs numerous timing and control functions, 
provides special-purpose address decoding and ambiguity-resolving circuitry for digital 
transmission, and accumulates radar data for presentation to the computer subsystem. 

C. RF Electronics Subsystem 

The RF electronics subsystem is composed of an ATS-3 VHF antenna assembly, an 
ATS-1 VHF antenna assembly, a VHF transmitter section, an ATS-3 VHF Receiver group 
including a pilot-tone phase-lock loop to track out phase jitter introduced by the ATS-3 satellite 
transponder, an ATS-I VHF Receiver group, and four phase-locked synchronous demodulators 
(channel selectors). The RF electronics subsystem utilizes interrogation and tone data from the 
self-check subsystem and timing and control signals provided by the remainder of the GCC in 
generating the VHF signals to be transmitted. The incoming VHF signals are received and 
demodulated by the RF electronics subsystem, and the resulting data is applied to other 
subsystems in the OCC for processing. 
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Figure A-I. Ground Control Center Receive Subsystem, Transmit Subsystem, and Real-Time Display 



Figure A-2. Ground Control Center Data Procemor 



Figure A-3. Ground Control Center Control Console 



Fiue A-4. Ground Control Center Antenna Configuration 
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D. Self-Check Subsystem 

In the OPLE Experiment configuration, the self-check subsystem simulates OPLE PEP 
data, which consists of an A/R tone and OMEGA-sequenced sidetones, and generates PEP 
interrogation data. In the VHF Range/Range Experiment configuration, the self-check subsystem 
provides a continuous transmission of A/R tone and sidetones. 

E. VLF Receiver Subsystem 

The VLF receiver subsystem, manufactured by Tracor Incorporated, processes the data 
that is provided by the phase-locked synchronous demodulators and the OMEGA monitor signals 
that are received directly from the Omega transmitters. The processed Omega monitor data and 
the processed phase data from the phase-locked synchronous demodulators are output to the 
control electronics subsystem for digitization. The Omega monitor data is also displayed by 
means of an analog chart recorder. 

H. OCC Modifications 

A. General 

The modifications to the OPLE Control Center necessary to provide the functions 
required of the GCC in the VHF Satellite Navigation Experiment consisted of relatively simple 
wiring changes and equipment additions. These modifications were implemented in such a way as 
to render the equipment readily convertible to either an OPLE Experiment configuration or a 
VHF Range/Range Experiment configuration. The required modifications to the OPLE Control 
Center are as follows: 

Addition of an ATS-1 receive subsystem consisting of a VHF helical antenna, 
VHF diplexer, preamplifier, and NEMS-CLARKE Receiver 

Addition of a coaxial patch panel to enable assigning A/R tone phase-lock loop 
receivers No. 3 and No. 4 to either the ATS-I or ATS-3 receive subsystems 

Modification of the self-check subsystem to enable continuous rather than 
Omega-sequenced transmission of tones. 

Figure A-5 depicts the configuration of the modified OPLE Ground Control Center. 
The dotted lines depict the additional equipment required to convert the station to an 
OPLE-VHF Range/Range Ground Control Center. Basically, the modification to accommodate 
the VHF Range/Range program consisted of assigning two A/R tone phase-lock loop receivers to 
an ATS-I satellite receive subsystem. A list of equipment additions and/or modifications to 
achieve the VHF Range/Range configuration is given below. A more detailed description of the 
modifications follows the listing. 

Addition of an ATS-I receive subsystem consisting of a VHF helical antenna, 
diplexer, preamplifier, and NEMS-CLARKE VHF receiver 

Addition of coaxial patch panel to enable assigning A/R tone phase-ock loop 
receivers No. 3 and No. 4 to either the ATS-I Receive Subsystem or the 
ATS-3 receive subsystem 
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Modification of the self-check subsystem to enable continuous rather than 
OMEGA-sequenced transmission of tones. The function of the three sidetone 
AMPL and PHASE switches on the front panel of the self-check subsystem 
drawer for both the OPLE mode and VHF Range/Range mode is presented 
in Table A-I. 

TABLE A-I. FUNCTION OF SIDETONE AMPL AND PHASE SWITCHES 

Switches VHF Rage/Rage OPLE 

STATION A AMPL and 
PHASE switches 

Adjusts amplitude and phase of the 
941-Hz (13.6-kHz) sidetone. 

Adjusts amplitude and phase of the 
sidetone transmissions associated 
with Station A. 

STATION B AMPL and 
PHASE switches 

Adjusts amplitude and phase of the 
426-Hz (10.2-ktz) sidetone. 

Adjusts amplitude and phase of the 
sidetone transmissions associated 
with Station B. 

STATION D AMPL and 
PHASE switches 

Adjusts amplitude and phase of the 
707-Hz (11.3-kHz) sidetone. 

Adjusts amplitude and phase of the 
sidetone transmissions associated 
with Station D. 

B. ATS-1 Receive Subsystem Modifications 

Figure A-6 is a block diagram of the added ATS-1 receive subsystem. The ATS-I 
antenna is a Fairchild helical antenna with positioner. Because of the physical proximity of the 
ATS-1 antenna to the ATS-3 antenna (approximately 33 feet), it was found necessary to install a 
diplexer to protect the ATS-I VHF receiver preamplifier from being saturated by transmitted 
signals from the ATS-3 antenna. The diplexer is a Microlab-FXR model (Texas Instruments 
Drawing No. SK594097) which was installed with the original OPLE Ground Control Center. The 
antenna and diplexer were furnished GFE for VHF Range/Range program. 

The ATS-1 receiver preamplifier contains a front end FET stage for optimum noise 
figure. The preamplifier has a gain of approximately 27 dB and a noise figure of 2.5 dB. Because 
of the low figure afforded by the FET stage an identical preamplifier was installed in the ATS-3 
receive subsystem replacing the vacuum tube version (Rantec Corp. EPV904). Figure A-7 is a 
schematic of the FET preamplifier. 

The 135.6-MHz signal from the ATS-1 receiver preamplifier is converted down in the 
ATS-I NEMS-CLARKE telemetry receiver (Model 1456A) to 5 MHz and brought out to a power 
splitter. The first mixing signal for the receiver is provided by a X16 multiplier which receives its 
input signal from the ATS-I VHF receive synthesizer. The second mixing signal for the receiver 
is provided by a 25-MHz multiplier which receives its input signal from the 5-MHz output of the 
ATS-1 VHF receive synthesizer. The X16 multiplier consists of an external X4 multiplier 
(Type TD, Texas Instruments Drawing No. SK592235) and a X4 multiplier which is internal to 
the NEMS-CLARKE receiver. The 25-MHz multiplier is a type TE board (Texas Instruments 
Drawing No. SK592229). The power splitter, which follows the NEMS-CLARKE receiver, is 
similar to the one used in the ATS-3 receive subsystem. A schematic of the ATS-1 power splitter 
is shown in Figure A-8. 
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Figure A-6. Receive Subsystem Block Diagram 

C. Coaxial Patch Panel 

The function of the coaxial patch panel is to provide front-panel control in assigning
 
A/R tone phase-lock loop receivers to either the ATS-1 or ATS-3 receive subsystem. Specifically,
 
A/R tone phase-lock loop receivers No. 3 and No. 4 and the monitor circuitry consisting of a
 
spectrum analyzer can be assigned to either the ATS-1 or ATS-3 receive subsystem. A functional
 
schematic of the coaxial patch panel is shown in Figure A-5.
 

D. Self-Check Subsystem Modifications 

The self-check subsystem modifications provide for continuous rather than the
 
commutated OMEGA sequence transmission of sidetones. An OPLE-VHF R/R switch was
 
installed on the front panel of the self-check subsystem drawer in place of the NOISE-ON-OFF
 
switch (57). As shown in Figure A-9, in the VHF R/R switch position OMEGA intervals 2 and 6
 
become PMODE and OMEGA intervals 1, 3, 4, and 5 are shorted to ground. Station B's 426-Hz
 
tone and Station A's 941-Hz tone are generated during interval 2 and Station D's 707-Hz tone is
 
generated during interval 6. Thus, by switching intervals 2 and 6 to the signal PMODE, and
 
shorting to ground all other interval counts, the three sidetones can be continuously transmitted.
 

One output amplifier was also added to boost the final output level of self-check
 
subsystem drawer. This amplifier was found to be necessary to provide an adequate transmitted
 
power level of A/R tone and sidetone. A schematic of the amplifier is shown in Figure A-I 0. The
 
gain of the output amplifier can be varied from about +12 dB to about +7 dB.
 

A-9 



0.8-111 

4.7 

0.085 
270 0. 7K 

0HY608270 

INPUT 4.57 

124107 

--
S TANCOR 

P-6469 

Th]4!20 SV 

Figure A-7. PET Preamplifier, Schematic Diagram 

2N401 6- .7 

2 441 is2 224 .K .7[ 

51~~ 6LH,
5,y 

.7I 
IstO 270_LH 

Lo 

~Y 

KV 

"

27 

0f/V 

124108 

220 J2H 220 I220 

04 T IN60., 2F2 

Figure A-S. Power Splitter, Schematic Diagram 

A-tO 



P MODE OPL--VHF R/R
SWITCH 

INTERVAL 1 0 

INTERVAL a I
 
INTERVAL 


3 

MODE ENABLE AMPLITUDE 
AND AND 

SEQUENCE GENERATOR SEQUENCE 4 INTERVAL SELECTORGE 

INTERVAL 4 

INTERVAL. 5 
 o
 

124080 
Figure A-9. Selffleck Subsystem Modification, Block Diagram 

47 33

+1 OV 

(P IN S ANDD 4) 
47
 

IK 
F10V
 .0 1lF 
 470
 

JI 


2N2 22 A 

2.2K 

- ,0o
ISO.0 


F 
I914, 3
FF 0 


\

474
 

" 


INS FN2AN2
 
470
 

124081 

Figure A-I. SeIf-4teck Subsystem Output Amplifier, Schematic Diagram 

A-1 



lin. Conversion Procedures 

The Omega Position Location Equipment as presently configured can be operated in two 
different modes: (1) the original OPLE mode, and (2) the VHF Range/Range mode. It is the 
purpose of this section to describe the conversion and set up of the equipment for the VHF 
Range/Range mode of operation. A detailed checkout of the equipment in both the OPLE mode 
and the VHF Range/Range mode is presented in the Acceptance Test-Part I Individual Test for 
Ground Control Center-VHF Satellite Navigation Experiment (Texas Instruments Drawing 
No. SK71421 1). A description of the conversion of the equipment is first presented, followed by 
a description of the setup of the various frequency synthesizers, calculation of appropriate 
ephemeris data, and software constants required to render the software compatible with any 
given geographic location of the Ground Control Center. 

A. Conversion 

A concise description of the proper switch settings, the required printed circuit board 
exchange, and the switching of certain cables is presented in the above-mentioned Texas 
Instruments Drawing No. SK714211. However, the switch settings on the self-check subsystem 
drawer should be further discussed to distinguish between the settings for a one-tone experiment 
utilizing the 941-Hz sidetone and a three-tone experiment. Table A-2 gives the proper switch 
settings for the two different tone package configurations. 

TABLE A-2. SWITCH SETTINGS FOR TONE PACKAGES 

Switch One Tone Three Tones 

STATION A PHASE switch 0 degree 0 degree 
STATION A AMPL switch Maximum Maximum 
STATION B PHASE switch 0 degree 0 degree 
STATION B AMPL switch Minimum Maximum 
STATION D PHASE switch 0 degree 0 degree 

STATION D AMPL switch Minimum Maximum 

B. Setup 

Having converted the Ground Control Center to the VHF Range/Range configuration, 
it is now necessary to select the proper frequencies for the frequency synthesizers, calculate 
appropriate ephemeris data, and enter appropriate constants into the on-line software to render 
the software compatible with the geographic location of the Ground Control Center. Each of 
three above-mentioned tasks is discussed in detail below. 

1. Frequency Settings 

A block diagram of the frequencies involved is shown in Figure A- 11. If the 
transmit frequency of the transponders were identical to those of the OPLE PEP's, and if both 
the ATS-1 and ATS-3 satellites had identical frequency translations, then the frequency settings 
used for the OPLE configuration would be adequate. However, because of a rather larger 

A-12
 



ATS-3 

SATELLITE
TRANSLATEDTRANSPONDER 

TRANSMITTED 
AIR TONE 

SATELLITE TRANSLATED 

OCC TRANSMITTED 
PILOT TONEI A/R TONE 

TRANSPONDER
TRANSMITTED 

A/R TONE 

0 

SATELLITE 
TRANSLATED
TRANSPONDER 
TRANSMITTED 
A/R TONE 

VHF T$-

fSYNTHESIZERI 

RREUNC 

SEPLECTR 

SYN HgSZERVH 

CHANNEL 

- I . re enyM kDagm 

A/LTF ToE RECEIVEKHZ
 



discrepancy in the frequency translations of the ATS-l and ATS-3 satellites, coupled with the 
presence of a low received signal level at the Ground Control Center, great care must be taken in 
selecting the frequency settings for the various frequency synthesizers. 

Consider a second order loop containing a pseudo rather than true integrator, 
which is the type of loop used in both the transponders and the Ground Control Center. It can 
be easily shown that for a given received signal power at the front-end receiver, the hold-in 
capability of the loop increases as the frequency of the incoming signal approaches that required 
to bring the VCXO in the phase-lock loop to its rest frequency. Thus the major consideration in 
calculating the required frequencies will be to ensure that the incoming frequencies into all 
phase-lock loops are such to bring the VCXO's to their rest frequency. This consideration can be 
concisely stated as below: 

The received pilot tone at the transponder must be 135,566,250 Hz. 

The received A/R tone at the transponder must be 35 kHz above the 
received pilot tone, or 135,601,250 Hz. 

At the Ground Control Center the received pilot tone from ATS-3 and the 
received A/R tone from both ATS-l and ATS-3 must be presented to 
the respective phase-lock loops such that the VCXO's are at their rest 
frequencies. 

The steps involved in calculating the frequency settings are as follows: 

* 	 Knowing the translation frequency of the ATS-3 satellite, calculate the 
frequency setting of the pilot tone transmit synthesizer to ensure the pilot 
tone as received at the transponder is 135,566,250 Hz. 

* 	 Calculate the VHF transmit synthesizer frequency setting to ensure that the 
transmitted A/R tone is 35 kHz above the transmitted pilot tone. 

* 	 Knowing the transmit frequency of the transponder, and the ATS-3 
translation frequency, calculate the ATS-3 VHF receive synthesizer frequency 
setting to ensure the A/R phase-lock loop VCXO's are at their rest frequency 
(assume in this calculation that the pilot tone phase-lock loop VCXO is at its 
rest frequency). 

* 	 The received pilot tone at the Ground Control Center is identical in 
frequency to that received at the transponder. Thus knowing the received 
pilot tone frequency and the ATS-3 VHF receive synthesizer frequency 
setting, calculate the pilot tone receive synthesizer frequency setting to 
ensure the pilot tone phase-lock loop VCXO is at its rest frequency. 

* 	 Knowing the transmit frequency of the transponder and the ATS-I 
translation frequency, calculate the ATS-l VHF receive synthesizer frequency 
setting to ensure the A/R phase-lock loop VCXO's are at their rest 
frequency. 

The equations involved in solving the required frequency settings, along with a listing of the 
nomenclature used, is given in the following. 
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f" = ATS-3 satellite translation frequency
 

f" = ATS-I satellite translation frequency
 

fTxr = pilot tone transmit synthesizer frequency setting
 

fTVHF = VHF transmit synthesizer frequency setting
 

fRxATS&3 = ATS-3 VHF receive synthesizer frequency setting
 

fRxATS-1 = ATS-1 VHF receive synthesizer frequency setting
 

f'xp r = pilot tone receive synthesizer frequency setting
 

ffr0 = transponder transmit frequency
 

frrvcxo = rest frequency of pilot tone phase-lock loop
 
VCXO = 5,000,000 Hz
 

fARvcxo rest frequency of A/R phase-lock loop
 

VCXO (4,001, 456 Hz + channel select frequency)
 

fTxpT = 160,000,000 - (135,566,250 - f,)
 

(160,000,000 - fTJr + 35,000) - 498,813
 
fTxVHF = 
 16
 

4 5 5 0 0 0 
=ftans - f,] + [fA/RVcxO + , + 5 frrvcxo]
 

fRxATS-3 = 16
 

fRxrr = 16 fRxA1S. 3 - 135,566,250 - 455,000 - 5 fnvcxo 
[ftlam - fs5 ] + [fA/Rvcxo + 25,455,000] 

16fRxATS'I = 

2. Ephemeris Calculations 

The ephemeris data required by the on-line software program is listed below: 

Distance from Ground Control Center to both ATS-I and ATS-3 satellites 

Distance from center of earth to both ATS-l and ATS-3 satellites 

Direction cosines of both satellites from center of earth (the coordinate 
system utilized in calculating the direction cosines is presented later in 
this section) 

Distance from center of earth to both reference and aircraft transponder. 

The units in which the above-listed items must be entered into the on-line program, and the 
accuracy to which they must be calculated are given in Table A-3. The coordinate system utilized 
in deriving the above parameters is shown in Figure A-12. Definition of the nomenclature used is 
as follows: 

0 	= longitude of satellite
 

= latitude of satellite
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Rt = R, + Re = distance from satellite to center of earth 

RTras = distance from transponder to center of earth
 

D, = cosine [angle between Ra t and X-axis]
 

D2 = cosine [angle between Ra t and Y-axis]
 

D3 = cosine [angle between R, and Z-axis]
 

Ro = distance from Ground Control Center to satellite
 

XT = projection of Rtr. onto X-axis
 

YT = projection of Rta m onto Y-axis
 

ZT = projection of Rtan onto Z-axis.
 

It should be at once emphasized that in contrast to the accepted convention, the 
coordinate system used to calculate the ephemeris data is a left-handed rather than a 
right-handed coordinate system. That is, 50 degrees west in longitude from the Greenwich 
meridian is considered a positive angle in the coordinate system used. It is necessary to use the 
left-handed coordinate system in calculating the ephemeris data because the on-line software 
program utilizes a left-handed coordinate system in the position location algorithm. The 
equations for the required inputs are given below: 

D = cos40cos 0 

D2 = cos 0 sin 0
 
D3 = sin 4
 

E 3 -R, [(R D,- XT) 2 +(RaD 2 - Y T) 2 +(Rs ZT) 2 1 

TABLE A-3. EPHEMERIS DATA UNITS AND ACCURACY 

Units Accuracy 
Item (metes) (percent) 

Satellite altitude from center of earth 10' 0.0003 

Transponder altitude from center of 10' 0.0003
earth 

Distance from ground control center 10, 0.0003 
to satellite 

Satellite direction cosines - 0.001 
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Figure A-12. Ephemeris Coordinate System 

The mechanism for entering the calculated ephemeris data into the on-line 
software program is presented in the acceptance test procedure (Texas Instruments Drawing 
No. SK71421 1). However, the acceptance test procedure does not describe which entry is 
applicable to the ATS-3 satellite and which entry is applicable to the ATS-1 satellite. The listing 
below presents the order in which the data must be entered in response to the various questions 
asked by the software program. All numbers entered via the teletype for the ephemeris data are 
decimal numbers. 

AC I and 2 ALT 

1. 	 Enter distance from center of earth to aircraft transponder. 

2. 	 Enter distance from center of earth to reference transponder or second 
aircraft transponder. 
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SAT 1 and 2 ALT 

1. Enter distance from center of earth to ATS-3 satellite. 

2. Enter distance from center of earth to ATS-1 satellite. 

SAT I D COS 

1. Enter D1 for ATS-3 satellite. 

2. Enter D2 for ATS-3 satellite. 

3. Enter D3 for ATS-3 satellite. 

SAT 2 D COS 

1. Enter D1 for ATS-l satellite. 

2. Enter D2 for ATS-1 satellite. 

3. Enter D3 for ATS-1 satellite. 

SAT I and 2 Ranges from OCC 

1. Distance from Ground Control Center to ATS-3 satellite. 

2. Distance from Ground Control Center to ATS-l satellite. 

3. Geographic-Dependent Software Constants 

In the position location algorithm there are certain fixed constants which are 
unique to the geographic location of the Ground Control Center. These constants are described 
in detail in Appendix B and are listed below. 

Latitude of Ground Control Center + offset 

Longitude of Ground Control Center + offset 

Conversion of differences in longitude to nautical miles for a full-scale 
reading of 70 nautical miles 

Conversion of differences in longitude to nautical miles for a full-scale 
reading of 35 nautical miles. 

The development of the equations for calculating the geographic constants are also presented in 
Appendix B and are listed below: 

Conversion Factor 70 mile = 12,543.68 cos (latitudeGround Control Center) 

=Conversion Factor 35 mile 2 Conversion Factor70 mile 

Latitude + Offset = Latitude of Ground Control Center in 
radians - 0.01016 

Longitude + Offset = Longitude of Ground Control Center in 
radians + 0.01016/cos (latitudeGcc) 

Again, it is emphasized that in utilizing the above equations a left-handed 
coordinate system is used where angles designating west longitude are positive angles. The 
location of these constants in the on-line software program and the accuracy to which they must 
be calculated are presented in Table A-4. Each constant is entered into the software program as a 
binary floating number, thus the requirement for two memory locations per constant. The 
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TABLE A-4. GEOGRAPIC CONSTANTS, MEMORY LOCATIONS, AND ACCURACY 

Contant Memory Locations A t 

Conversion Factor 70 ,ndle 10614, 0.0003 
and 

10615, 

Conversion Factor 3 5 mile 10612s 0.0003 
and 

10613, 

Latitude + Offset 10542 0.0003 
and 

10543 

Longitude + Offset 10540 0.0003 
and 

10543 

TABLE A-5. FORMAT FOR ENTERING CONSTANTS 

BitNo. 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

Word I S Exponent + 0200. High Mantissa 

Word 2 0 Low Mantissa 

format for entering the constants as floating point binary numbers is shown in Table A-5. An 
example to demonstrate the procedure for converting a decimal number to the above floating 
point format is presented as follows for the decimal number 10529.8. 

First convert the integer part of the decimal number to an octal number 

10,5291o = 24,4418 

Convert the fractional part of the decimal number to an octal number 

0.810 = 0.631468 

Thus the mantissa for the number is 

2444163146s
 

or 

2 4 4 4 1 6 3 1 4 6 

10 100 100 100 001 110 001 001 100 110 
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The exponent is determined by counting the number of binary bits that are required to 

represent the integer part of the octal number (24,441 a) 

No. of bits= 1410 = 168 

Then the exponent + 0200s = 0216s 

Thus the floating point number is: 

word =15 
0 

14 13 
1 0 

2' 

12 
0 

11 
0 

1 

10 
1 

9 8 
1 1 

6 

7 
0 

6 
1 

2 

5 
0 

4 
1 

3 
0 

4 

2 
0 

1 
1 

4 

0 
0 

word2= 0 0 1 0 
4 

0 0 0 
1 

1' 1 1 0 
6 

0 1 
3 

1 0 0 

or expressing the result in octal we have 

word I = 043522 

word 2 = 020714 
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APPENDIX B
 

SOFTWARE DESCRIPTION
 

1. General 

This appendix describes and contains flow charts for both the on-line and off-line VHF 
Range/Range programs. The on-line VHF Range/Range program does not provide for on-line 
printout of data because of time limitations. Since a new position-location calculation is 
performed every 5 seconds, it would not be feasible to both continuously input raw phase data 
and compute position and at the same time output the raw data and the calculated data. Thus, 
the raw and calculated data gathered during an on-line experiment is stored on magnetic tape for 
subsequent printout by an off-line program. The on-line program will be first discussed, followed 
by a description of the off-line program. 

H. On-Line Program Description 

A flow diagram of the on-line program is presented in Figure B-I. The program inputs 
digitized raw phase data from the OPLE Receivers and from this data computes the location of 
the transponder(s) relative to the location of the Ground Control Center or reference 
transponder. Provision is also made for inputting radar data to serve as "truth" measurements. 
The position-location algorithm will be first discussed, followed by an operations procedure for 
the on-line software program. 

A. Position-Location Algorithm 

The equations relating position location to the appropriate input measurement 
parameters for both absolute and differential ranging are developed in this section. Three 
parameter measurements are required: the range from each of the two satellites to the aircraft 
and the aircraft altitude above the earth's surface. For the VHF Satellite Navigation Experiment 
the aircraft altitude is a predetermined constant parameter. Additionally, parameters defining the 
position of both satellites with respect to the Ground Control Center and the distance from the 
earth's center to the two satellites are required. 

The ranging equations may be divided into two major subsections; phase angle 
difference calculations, and position location calculations. A simplified flow diagram of the 
position location algorithm is presented in Figure B-2. 

1. Phase Angle Difference Calculations 

To calibrate the system, phase measurements for each tone and each receiver must 
be made from the GCC to the reference terminal. To obtain an accurate set of calibration data, 
the sines and cosines for each tone and receiver are summed for 12 samples. The 12 calibration 
angles (three tones and four receivers) are calculated as follows: 
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12 
SSnmi
 

*cam = tan-' radians 
12 

E Cnmi 

where 

n = 1-3 tones 

m 1-4 receivers 

c = calibration data. 

The arctan is accomplished by a table loop-up procedure using a 127-word table for 45 degrees. 
Should 

12 12 

E Smi be greater than "CnMi 
i=1 -

Then the calibration angle is determined as follows: 

E
12

Cm 
¢cnm = ir/2 - tanC' radians

Z Smi 

The quadrant information is determined prior to the table loop-up procedure. The output 0. 
is from 0 to 2r radians. 

After the calibration angles are calculated and the phase mode is initiated, four 
phase data sets are read every 5 seconds. The 12 phase angles O are calculated in the very 
same manner as were the calibration angles. 

Before initiating the position location calculations, it is necessary to determine the 
range from the aircraft to the satellite via phase difference calculations. The diagram in 
Figure B-3 illustrates the principle of the phase difference calculations. The calibration angle 
measurements involve transmitting a tone package from the Ground Control Center to the master 
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satellite, from the master satellite to the reference transponder located at the Ground Control 
Center, from the reference transponder to both satellites, and from both satellites back to the 
Ground Control Center. Thus the calibration angles pertain to the distance from the OCC to the 
master or slave satellites. In particular, since phas-lock loop receiver No. I and No. 2 are 
assigned to the master (ATS-3) satellite and receiver No. 3 and No. 4 are assigned to the slave 
(ATS-1) satellite, it follows: 

0b.., and 0,., = 4 Rs, 

= 01,and 0 n. 2 R,, + 2RS1 

The phase angle measurements involve transmitting a tone package from the 
Ground Control Center to the master satellite, from the master satellite to both the reference 
and aircraft transponders, from the reference and aircraft transponders to both satellites, and 
from both satellites to the Ground Control Center. The four phase-lock loop receivers in the 
Ground Control Center are assigned as follows: 

Receiver No. I-aircraft transponder-master satellite 

Receiver No. 2-reference transponder-master satellite 

Receiver No. 3-aircraft transponder-slave satellite 

Receiver No. 4-reference transponder-slave satellte. 
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With the above assignments, it follows that: 

*n,= 2RS, + 2 RA, 

On = 4RS 

+ +
On. = RS, RA, RA, + Rs, 

On4 = 2Rs, + 2RSI
 

By taking the difference between the calibration angles and the phase angles for 
each tone and receiver, the phase difference can be calculated. From the phase difference the 
range difference is calculated from the formula 

R=-C oL 
f
 

where R is the range difference, C is the speed of light, f is the tone frequency, and a is the 
phase difference. However, care must be exercised in calculating the phase differences to ensure 
that the geographic location of the tone ambiguity limits do not vary from calibration run to 
calibration run. Moreover, it is necessary that the center point of nonambiguous ranging coverage 
is the same for all three tones. The problem that can arise by simply taking phase difference 
measurements without regard to ambiguity limits is illustrated by the following example. Assume 

Oc,3 = 1.99v radians 

Assume the aircraft is flying in the vicinity of the Ground Control Center and at two different 
points in time the following phase measurements are made: 

@13 (t,) = 1.97wr radians 

@13 (t 2) = 2.01wr radians = 0.01w radians 

since the phase angle resolution is only 0 to 2v radians. Taking phase differences gives 

1.97v - 1.99v
AO ( 1 ) = 2w = -0.01 

0.01r- 1.997r 
A@ (t2)= w - 09927r
 

It can be seen in the above example that the two phase difference calculations are 
radically different, although the aircraft was in the same geographic vicinity. The problem arises 
in that since the calibration angle 013 was measured to be 1.99r, the Ground Control Center 
becomes a limitinj point on the nonambiguous ranging coverage. 
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To establish the Ground Control Center as the center point for nonambiguous 
ranging coverage for all three tones, the following phase differencing equation is used: 

On m fractional part of 27rOenmanm = -

Having made the phase difference calculations, the range difference calculations are now made. 
The best weighted average of the three measurements is computed to minimize the range error. 
This minimum error is attained by applying weighting functions proportional to the measurement 
accuracies which, in the case of constant phase jitter caused by noise, becomes proportional to 
the sidetone frequencies. The general weight average and range is expressed by the equation: 

m[ a a -- a3rn] 

cKI+ f-:K2+ mK3 
KI +K2+K3 

using the weighting values of KI = fl, K2 = f2 , K3 = f3 

C mR =fl +f2+ f3 [a + a2. + am 

Rm =0.144495 [a1 m + a2 + a3 mI X 10' meters 

For just the 941 tone 

C 
R1M =- alr =0.318426a,
 

The resulting range difference measurements contain the following ranging information, ignoring 
ambiguity for the moment. 

R, = 2 RA, - 2R 

R2 =0 

R3 = RAI + RA2 - Rs, - RS2 

R= 0. 

Thus the range from the aircraft to each of the two satellites may be found as follows: 
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RA = Rs5 + R 2 + R3 - RA, 
R,


RA, = R,, + RS2 + R3 -2 -Rs' 

R,
RA R - 2+R S2 

It is to be noted at this point that the problem of ambiguity resolution has not been resolved. 
Thus if the aircraft is not within approximately 70 miles of the Ground Control Center 
(reference transponder), so that RA1 - Rs and RA2 - R.3 are within the ambiguity range 
limits, then additional a priori knowledge must be furnished. 

Having established RA1 and RA2 , the position-location equations are now utilized 
to determine the geographic location of the aircraft transponder. 

2. Position-Location Computation 

Before discussing the 
position-location equations, a brief review of 
directional cosines and their application is 
first given. Refer to Figure B-4. x 

Given the vectors R and R2 , 
it is the purpose of the example to find 
IRa I. The Cartesian components of vectors 
It and R 2 may be written as: 14 R 

=R, (X)= R, cos 0 1 csn Rib,,1 


=R, (X2) R, cos 01 sin 4' = R1 b21  01 1 

R, (X3) R1 sin 0, Rb31  .-

R2 (X2 )= COS 02 sin *)2 P 
I-]


R2 =R 2b22  


R2(X3 ) = R2 Sin 02 = R2b32
 

xi
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Therefore
 

1R31= {[R (XI) - R2 (X1)P
2 + [R1 (X2) - R2 (X2 )]2 + [R1 (X3)- R2 (X3)]2} 

IRsIR? (X I)+R? +RR ())(X)+R
(X2 )+ R12 (X3 2
2 (X2)+ R2 (X3) 

-2[RI (X1)R2 (X) + R, (X2) R2 (X2)+ R, (X3) R2 (XA 

JR3 1 = 2+ R2- 2R, R2 (b11 b12 + b~lb 22 + lb3 

Now the "b" terms are the direction cosines and may be expressed as vectors where 

b, 2 b and b = [b11 b21 bal] 

Since 

r 2] 
b' b2 = [b, b21 b3l b I = b,, b[b+ b21 b22 + b 3 2 

b 32 

2 R R
1R31 = + - 2R 1 R 2 bI b2 

The position-location problem is illustrated in Figure B-5. 

a. Absolute Position-Location Computations 

If the orthogonal coordinate system X1 , X2, X3 is aligned such that the X3 
axis corresponds with the North/South axis of the earth and the X axis passes through the 
Greenwich meridian (00 longitude), then the direction cosine vectors 45 for the two satellites are 
defined as follows: 

bln = cosine (angle between Ron and X1 axis) 

= cosine (latitude) cosine (longitude) 

b2n = cosine (angle between Rn and X2 axis) 

= cosine (latitude) sine (longitude) 

bsn = cosine (angle between._Ro and X3 axis) 

= sine (latitude) 
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Utilizing direction cosine vector notation yields 

RA2 = R. 2 + R2 - 2RO Rab T b, (B-I)
.a 

RA 2 = Ro 2 + R 2 - 2Ro' R Lb T b2 (B-2) 

Also we know 

=I ba2 + ba, + ba. (B-3) 

The simultaneous solution of Equations (B-1), (B-2) and (B-3) for ba is complicated by the fact 
that Equation (B-3) is nonlinear. However, we can easily solve for b.1 and b.2 in terms of the 
measured and known terms and ba. 

R, 2 + Ra - RA,2 

bliba, + bi 2 ba = 2Ro0 Ra - b13 b, = -blaba 

Ro+ Ra - RA2 

b2 1ba, + b22 ba, 2R0 Ra b2aba, =D 2 - b2aba, 

D - bab - bi 2ba D, - biaba b 2n - b2 2
 
ba, = - t bt
 

S bl1 _bl 

b11 b22 b, b11 b22 (b22 D - b2baba, - b12 D2 + blzb 2aba ) 

bl b2 (Ib 22 '3 

1 ba, 

ba (b22D, - b12 D2 ) + -- (b2b2 - b22 b13 ) (B4) 

where A = bib 22bb12 b21  D bi - - ba, bi 2 bat' 

D2 b 23ba, - b 21 ba, D 2 - b 2 ba, - b2 $1b t 

b2b22 b22 

[ b2l b12 1 
b a + blb2- ll2 [bl, D2 - b2l D1 %, (b~j b13 - bl, b23)] 

aba, 

ba, = (b11 D 2 - bzlD 1 ) + - (b2 l b13 - b11 b23 ) (B-5) 
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Now let us assume that both satellites are in the equatorial plane. Thus we can rewrite Equations 
(B4) and (B-5) as follows: 

1 
= - (bD 1 - b12 D2 ) (B-6) 

ba= A (b11 D2 - b21 DI) (B-7) 

Having solved for ba, and b. via Equations (B-6) and (B-7), we can now solve for b 3 as 
follows: 

ha, - b(a - a2P B-8) 

The solution for bA via Equation (B-8) is only approximate, since the solutions for b., and b' 

were obtained by assuming the two satellites were in the equatorial plane. However, an iterative 
process can be initiated at this point to obtain the desired degree of computational accuracy. A 
flow diagram of this iterative process is presented in Figure B-6. As shown in the flow diagram, 
the iteration is repeated 10 times, which has been found to be more than adequate for the 
computational accuracy required. 

The plus and minus signs in Equation (B-8) correspond to symmetric 
locations in the northern and southern hemispheres, respectively. Thus a priori knowledge of the 
aircraft location is needed to determine the sign of ba. 

Now, having determined ba , ba2, and ba3 , it is necessary to calculate the 
latitude and longitude of the aircraft. Again, assume the orthogonal coordinate system X1 , X2 , 
X3 is aligned such that the X3 axis corresponds with the North/South axis of the earth sphere 
and the X, axis passes through the Greenwich meridian (00 longitude). The longitude is 
determined as follows: 

Ithe projection of R on the X, axisI R,Iba, I 
longitude = tan -' the projection ofR, on the X2 a J Ian I ba I 

longitude = tan-' I 

The latitude is defined as the angle between the vector R and the X X2 plane; therefore, the 
latitude is: 

latitude = sin -' (b.3) 

B-1 5
 



COMPUTE b a 1 AND ba 

VIA EQUATIONS 6 AND 7
 
ZERO COUNT OF N
 

L 

ICOMPUTE
ba3 VIA EQUATION 8 

COMPUTE baI AND ba2 
VIA EQUATIONS 4 AND 5
 

WITH THE ABOVE COMPUTED ba3
 

N= 1 

124090 

Figur "-. Iteraton Loop, Flow Diagmn 

It would be convenient to have an on-line display device, such as an X-Y 
plotter, to display the aircraft's distance from a known and fixed geographic point. The problem 
then is to convert differences in latitude and longitude between the aircraft transponder and a 
fixed reference point to X-Y differences in, say, nautical miles. Assuming the circumference of 
the earth is 21,639.34 nmi, then a degree change in latitude is equivalent to 
21639.34/360 = 60.109 nmi, regardless of longitude. However, the amount that a degree change 
in longitude represents in nautical miles is directly dependent on latitude. For purposes of 
illustration, the coordinates of Texas Instruments, Dallas, will be utilized to convert differences 
in longitude to nautical miles where: 

longitudeeas Instrments Dallas = 96045'1.8" W = 96.75050 W 

latitudeTexas Instruments Dallas = 32055'57" N = 32.93250 N 
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If an orthogonal coordinate system X, Y, Z is aligned such that the Y-axis corresponds with the 
North/South axis of the earth and the X-axis passes through the Greenwich meridian (06 
longitude), then the amount that a degree change in latitude represents in nautical miles can be 
found as follows: 

Dx = RE cos (latitude) sin (A longitude) 

where 

Dx = distance in X direction in nautical miles 

RE = radius of earth in nautical miles 

latitude = latitude at Texas Instruments, Dallas 
21639.34
 

Dx = 26394 X cos 32.93250 X sin 10

2v 

21639.34
 
Dx = 29 X 0.8393 X 0.01745


2w 

Dx = 50.44 nautical miles/degree of longitude
 

For latitude the conversion is simply
 

27RE 21639.34
 
360 
 360 

Dy = 60.109 nautical miles/degree of latitude. 

The data processor in the Ground Control Center outputs digital data in a 16-bit word format. 
Thus, to enable outputting the data in one digital word, 8 digital bits will be assigned to latitude 
information and 8 digital bits will be assigned to longitude information. Furthermore, since the 
nonambiguous distance is approximately 70 nmi, the full 8-bit count will be made equivalent to 
70 nmi or 

255 
X=Dx -

X = 183.745 digital counts/degree of longitude at 32.93250 latitude 

255 -Y=Dx 

Y = 218.968 digital counts/degree of latitude 

Converting to radians 

360 
X = 183.745 X 

2v 

X = 10527.8 digital counts/radian of longitude at 32.93250 latitude 

360 
Y = 218.968 X 

2wr
 

Y = 12545.9 digital counts/radian of latitude. 
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To ease the complexity of converting the digital latitude and longitude words to analog signals 
for presentation to the display unit, the digital output words will be restricted to always being 
positive numbers. Also, it is desirable to have the reference point (which in this example will be 
Texas Instruments, Dallas) in the center of the display. To accomplish both outputting positive 
numbers and placing the reference point in the center of the display, the following latitude and 
longitude differencing equations can be used, assuming full scale represents 70 nmi. 

A latitude = latitudeAircraft Transponder - (latitudeReferenoe Point - Od 

where 

OC = 	number of radians required to offset display 127.5 digital counts or 
35 nautical miles 

= I radian X 127.5 digital counts 

12545.9 digital counts 

OC = 	0.01016 radian 

For Texas Instruments, Dallas 

latitudeReference - 0 = 0.564066 

Thus 

A latitude = latitudeAirft Transponder - 0.564066 

In the very same manner 

A longitude = 1.7007353 - longitudeAiadt Transponder 

Finally, the equations to convert from latitude and longitude in radians to nautical mile 
displacement from Texas Instruments, Dallas, are as follows: 

YLatitude = (latitudeAiczaft Transponder - 0.564066) 12545.9 

XLongitude = (1.7007353 - longitudeAicraft Transponder) 10527.8 

To convert from latitude and longitude in radians to nautical mile displacement from Texas 
Instruments with a full scale of 35 nmi the following equations hold. 

YLatitude = (latitudeAkiraft Transponder - 0.564066) 25092 - 127.5 

XLongitude = (1.7007353 - longitudeAircraft Transponder) 21059.6 - 127.5 
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b. Differential Position-Location Computations 

Although the preceding section is entitled Absolute Position-Location 
Computations, it is in truth a diluted form of differential position-location computations. That 
is, any fixed delays (or phase errors) in the Ground Control Center transmit or receive 
subsystems, in the satellites and in the aircraft transponder, and any fixed bias effects in the 
propagation media are cancelled in the phase angle difference calculations between the current 
phase data and the previously recorded calibration data. However, any time-varying effects are 
not cancelled. 

Now if the position of the reference transponder, as calculated by the 
absolute position-location computations utilizing phase-lock loop receivers No. 2 and No. 4, is 
subtracted from the position of the aircraft transponder, again as calculated by the absolute 
position-location computations utilizing phase-lock loop receivers No. I and No. 3, the common 
mode time varying effects are cancelled. The equations utilized in determining the position of 
the aircraft transponder in the differential mode is as follows: 

XLat XLt" XLt. +127.5 
Diff. = ABS - ABS 

A/C A/C Ref. 

YLon. YLo,. YLo,. +127.5 
Diff. = AS - ABS 
A/C A/C Ref. 

B. Operators Instructions, On-Line Program 

The program initialization procedure, receiver assignments, and ephemeris data entry 
are all discussed in the Acceptance Test, Part 1,Individual Test for Ground Control Center-VHF 
Satellite Navigation Experiment (Texas Instruments Drawing No. SK714211). Additional 
information concerning ephemeris data is presented in Appendix A. However, not discussed in 
the above references are the various tasks and options that can be performed using the sense 
switches on the OPLE Control Console in conjunction with the sense switches on the DMI 
DATA 620 Computer. Table B-I lists the tasks and options with the appropriate sense switch 
pattern. The instructions for using the utility programs are presented below. 

1. Magnetic Tape Read-Write 

Upon entering this program, the following message will be typed on ASR-35 
Teletype Unit. 

SS1 ON = WRT, OFF = RD 

TAPE FILE AND RECORD NUMBER. 

One responds by typing: 

N11
 

N2) 
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TABLE B-I. ON-LINE PROGRAM TASKS AND OPTIONS 

Utility Task 

1. 
2. 
3. 
4. 
5. 
6. 

Magnetic Tape Read 
Magnetic Tape Write 
Help (Debug aid) 
Binary Paper Tape Loader 
Off-Line Floating Point Input 
Close File On Magnetic Tape 

VHF Range/Range Program Task 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

Data Entry (No Receiver Assignments) 
Receiver Assignments 
Data Entry and Receiver Assignments 
No Data Entry or Receiver Assignments 
Take Out of Wait Loop 
35-Mile Range 
70-Mile Range 
1 A/C (Differential Mode) 
2 A/C or Absolute Mode 
Normal Termination 

where NI is the file number, N2 is the record 

Sense Switch Pattean 

Utility, F, Go
 
Utility, F, SS-1, Go
 
Utility, H, Go
 
Utility, D, Go
 
Utility, G, Go
 
Utility, E, Go
 

Sense Switch Pattern 

Execute, Init, Go
 
Execute, D, Go
 
Execute, lnit, D, Go
 
Execute, Go
 
Go
 
Any Range/Range Pattern
 
SS-3 and any Range/Range Pattern
 
Any Range/Range Pattern
 
SS-2 and any Range/Range Pattern
 
E. and any Range/Range Pattern 

number and )is a carriage return which 
terminates the number. A leading 0 for NI or N2 indicates an octal input and no leading zero 
indicates a decimal input. Hence, a zero must be entered as 00. The $ terminates the input 
mode. 

Once the input mode is terminated, the ASR-35 Teletype Unit responds by 
typing: 

START AND FINAL ADDRESS 
One responds by typing: 

N2 

where NI is the start address and N2 is the final address. Again, the octal/decimal convention 
discussed above holds. To prevent program overlay while reading, the following criteria should be 
followed: 

If NI > 167lls then N2 < 177775 

If 0 C NI < 165008 then N2 < 165008 
The record is then read or written according to the setting of SS 1. 

2. Help (Debug Aid) 

This subroutine is fully described in the OPLE Software Manual, HB4-A67, 
15 February 1968. 
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3. Binary Paper Tape Loader 

This subroutine is also fully described in the OPLE Software Manual, HB4-A67, 
15 February 1968. 

4. Off-Line Floating Point Input 

This subroutine converts decimal numbers as entered via the ASR-35 Teletype 
Unit into floating point numbers and stores the resulting point numbers into previously 
designated locations in memory. This subroutine is especially useful in entering the geographic 
dependent software constants (Appendix A). 

Upon entry the program will halt. The starting or first address of where the 
floating point numbers are to be stored is entered into the A Register. At this time, the RUN 
switch is pressed. The numbers are then entered via the ASR-35 Teletype Unit with or without a 
decimal point or a sign. When no sign is entered, the number is assumed to be positive. When no 
decimal point is entered, the decimal point is assumed to be at the far right of the word. A 
(carriage return) ends the word and a $ sign ends the input mode and returns the system to the 
monitor mode. 

HI. Off-Line Program Description 

The off-line program provides for printout on the ASR-35 Teletype Unit of the raw and 
calculated data gathered during the on-line experiment. A flow diagram of the off-line program is 
shown in Figure B-7. The off-line program performs no calculations, but rather simply formats 
the data stored on magnetic tape during the on-line run for presentation to the ASR-35 Teletype 
Unit. 

The procedures for initializing, loading, and operating the program are presented in the 
Acceptance Test, Part I, Individual Test for Ground Control Center-VHF Satellite Navigation 
Experiment (Texas Instruments Drawing No. SK714211). However, not presented in the above 
reference are the various printout options available. Table B-2 lists the options with the 
appropriate sense switch patterns. 

TABLE B-2. SENSE SWITCH SE-INGS-OFF-LINE PROGRAM 

Sense Switch Settings Function 

SS "D"ON Disables printout of header (ephemeris) data 

SS "E"ON Disables printout of OPLE Time (Time of OPLE 
Interrupt) 

SS "F" ON Disables printout of NASA time (time of Radar 
Interrupt) 

SS "3" ON 
SS "G"OFF 

Having performed the options of SS's "D" "E," 
and "F," skips to next run 

SS "3" ON Having performed the options of SS's "D," "E," 
SS "G" ON and "F," skips to next record 

SS "H" ON Disables printout of calibration data record 

SS "1" ON Disables printout of raw phase data 

SS "2" ON Enables printout of radar data 
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The units associated with the various numbers printed are listed below: 

Header (Ephemeris) Record 

1. 	 Receiver Assignments-octal if proceeded by a zero, decimal otherwise 

2. 	 Aircraft Altitude-I 06 meters from the center of the earth 

3. 	 Satellite Altitude-I0' meters from the center of the earth 

4. 	 Satellite Range- 106 meters from GCC to satellite 

5. 	 Satellite Direction Cosines-unitless 

6. Delta-unitless (b1 b2 - b21 b12)
 

Calibration Record
 

1. 	 Calibration Data-measured phase in radians 

2. 	 Sines-sum of 12 sine samples 

3. Cosines-sum of 12 cosine samples
 

Data Records
 

I. 	 PLL-number from 0 to 2 which represents the phase-lock loop correlation 
detector output voltage 

2. 	 Sines-sun of four sine samples 

3. 	 Cosines-sum of four cosine samples 

4. 	 Amplitudes-number from 0 to 5.66 which represents the amplitude of the signals 
out of the phase detector 

5. 	 Range-range difference for each receiver in 106 meters 

6. 	 Theta-longitude of A/C 1 in radians 

7. 	 Phi-latitude of A/C I in radians 

8. 	 Latitude I-displacement of A/C I from reference point in Y-direction, scaled per 
setting of SS-3 during on-line experiment [see Appendix B.2.a.(2)J 

9. 	 Longitude I-displacement of A/C 1 from reference point in X-direction, scaled 
per setting of SS-3 during on-line experiment [see Appendix B.2.a.(2)] 

10. 	 Latitude 2-same as latitude I 

11. 	 Longitude 2-same as longitude 1 

12. 	 R*cos-displacement of radar track from Texas Instruments in the Y-direction 
plus 35 nmi, scaled to 255 equals 70 nmi 

13. 	 R*sin-displacement of radar track from Texas Instruments in the X-direction plus 
35 nmi, scaled to 255 equals 70 nmi 

14. 	 Azimuth-azimuth of radar target from Texas Instruments in degrees referenced 
from true north 

15. 	 Range-range of radar target from Texas Instruments in nautical miles. 
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APPENDIX C
 

TRANSPONDER DESCRIPTION
 

I. Description of Transponder 

The transponder was packaged in a standard -long Austin Trumbull Radio (ATR) case as 
shown in Figure 4-2. Twelve modules were used to house the circuits; Figure C-1 shows a typical 
module (the transmitter power amplifier) with its top cover removed. Figure C-2 depicts a top 
view of the transponder and the relative location of the modules. 

The following paragraphs describe each of the 12 modules in the transponder as shown in 

Figure C-3. Schematic diagrams of these modules are included at the end of this appendix. 

1. Diplexer (Figure C-4) 

The purpose of the diplexer is to allow the transmitter and receiver section of the 
transponder to operate simultaneously from one antenna. This is accomplished by building two 
filters, both tied to the antenna port. One filter is in the receiver signal path and the other in the 
transmit signal path. The receiver path filter passes the receive frequency with a minimum 
amount of loss, while greatly attenuating the transmit frequency signal. The filter in the transmit 
path performs a similar function for the transmit signal, passing that signal and rejecting any 
signal at the receive frequency. 

The transmit filter is a two-pole Butterworth filter with a 10-MHz bandwidth. The 
transmit-to-antenna loss at the transmit frequency is 2.0 dB and 67 dB at the receive frequency. 
The receive filter is a four-pole Tchebysheff filter with a 5-MHz bandwidth. The 
antenna-to-receiver loss is 3.0 dB at the receive frequency and 80 dB at the transmit frequency. 

B. VHF Converter (Figure C-5) 

The VHF converter receives the 135-MHz signal from the diplexer through a 3-dB 
noise figure Field Effect Transistor (FET) front end. This signal is mixed with a 205-MHz local 
oscillator down to 70 MHz. By using high-side conversion, image frequency rejection becomes a 
simpler problem. Gain of 30 dB is obtained in this module and then filtered before going to the 
second converter. 

C. Pilot Tone Tracking Loop 

The pilot tone tracking loop consists of several modules which comprise a phase-lock 
loop. It must first be realized that several signals are received simultaneously in this system. A 
pilot tone is received and converted down to 10.7 MHz for the transponder phase-lock loop. 
Also, a package of tones very close in frequency is received at 10.665 MHz. The package of 
tones is retransmitted while the pilot tone, locked in the phase-lock loop, holds the 10.665-MHz 
package in the center of that filter passband. 
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Figure C-I. Transmitter Power Amplifier Module 
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Figure C-2. Transponder, Top View 
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All of the signals are received together through the second converter They are then 
fed into an IF filter where the 10 7 and the 10 665 MHz are separated Then, the 10 7-MHz 
signal goes through an IF amplifier into a limiter and to a phase detector where it is compared 
with a 10 7-MHz reference oscillator The resulting error signal then varies the VCXO in the 
second converter to establish and maintain phase lock 

Second Converter I 

A schematic diagram of the second converter is shown in Figure C-6 The 
incoming 70-MHz signal from the VHF converter is at the -I 10-dBm level This signal is 
amplified, fed into a mixer along with a VCXO at 59 3 MHz, and passed through an L-C filter to 
the IF filters at a level of -93 dBm 

2 IF Filter 

The IF filter module, shown in Figure C-7 consists of three sections an amplifier, 
a crystal filter (6-kHz bandpass), and another amplifier These two amplifiers, along with the 
filter loss, yield an overall gain of 15 dB 

3 IF Amplifier 

The IF amplifier, Figure C-8, is a par of cascaded MC1590 linear integrated 
circuits The design is straightforward, producing 60-dB gain With a -78-dBm signal at the 
input, a -18-dBm signal is obtained at the output In this IF section the automatic gain control 
(AGC) from the power amplifier is fed back to adjust the output to a constant level for varying 
incoming signal strengths 

4 Limiter (Figure C-9) 

The limiter is a straightforward design using MC1590 IC's and produces 60 dB of 
hiuting This module is necessary to maintain a constant level of signal into the phase detector 
The AGC response time is too slow for rapid variations in signals and primarily maintains a 
constant output from the IF amplifier for different incoming signal strengths Also, in tis 
transponder the AGC operates from the power amplifier output level, which is dependent on the 
signal level The level of the signal going through the transmitter may not necessarily be the same 
as that going to the phase detector 

5 Phase-Lock Loop (Figure C-10) 

The phase-lock loop module contains a phase detector which feeds a compensated 
operational amplifier and then a low-pass filter When the phase-lock loop is locked, both the 
incoming signal from the limiter and a reference oscillator are on the same frequency and in 
phase If the incoming signal shifts slightly in frequency, the phase detector produces an error 
signal wich in turn vanes the VCXO When the incoming signal first appears and the loop is 
trying to acquire phase lock, there is a considerable frequency and phase difference between that 
and the refcrcnce oscillator When this situation occurs, a low-frequency output is obtained from 
the phase detector This signal is then compensated, amplified, and filtered, producing a distorted 
sine wave The distorted sine wave contains a dc component which slews the VCXO until phase 
lock is acquired 
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6 Reference Oscillator (Figure C-i 1) 

The reference oscillator is a crystal oscillator at 10 7 MHz Two buffer stages are 
used to isolate the oscillator from load variations 

D Transmitter 

The transmitter portion of the transponder accomplishes the following 
Converts the mcoming ranging signal to another frequency from the receive 

frequency 

Amplifies the ranging signal to a usable level for transmission to the satellites 

In addition, the power amplifier section of the transmitter has to provide an automatic gain 
control output to feed back to the receiver All stages in the transmitter signal path must operate 
linearly 

I Third Converter (Figure C-12) 

The IF amplifier output is at a frequency of 10 665 MHz, with the package of 
several tones on or adjacent to this frequency The third converter takes the output of a local 
oscillator, triples it to 159 MHz, and feeds this into a mixer along with the 10 665-MHz output 
from the IF amplifier The mixer output is filtered and then amplified for an output of 
-11 dBm at 149 22 MHz 

2 Power Amplifier Driver (Figure C-13) 

The Power Amplifier (PA) driver section is an intermediate module between the 
third converter and the power amplifier Its purpose is to boost the signal from the third 
converter to a sufficient level to drive the power amphfier Since the output of this module is 
still at a relatively low level, +18 dBm, class A amplifier stages can still be used Although the 
efficiency of each stage is not high (about 20 percent), the linearity is very good The 
specification for the transmitter output lineanty is an mtermodulation distortion product 
suppression of 20 dB Normally, there is a degradation of 6 dB in intermodulation distortion 
(IMD) per stage in a transmitter system This implies that the first stage of the power amplifier 
module must have 26 dB of IMD suppression For the PA driver the third, second, and first 
stages must have 32-dB, 38-dB, and 44-dB IMD suppression, respectively To achieve this kind of 
linearity, the use of class A amplifier stages is a necessity 

3 Power Amplifier (Figure C-14) 

The power amplifier consists of a two-stage amplifier and an AGC detector and 
amplifier As in the PA driver, the first stage of amplification is achieved using a class A 
amplifier To obtain the required linearity at the output and still maintain a reasonable efficiency 
at an output power level of 4 watts, the final stage is operated in class AB Along with yielding 
the linearity, these two stages together have enough gain to amplify the +16-dBm output from 
the PA driver to +38 dBm, this includes 2-dB loss in a bandpass filter inserted in the transmitter 
signal paths (Figure C-15) A level of +38 dBm must be obtained at the output to overcome 
another 2-dB loss m the diplexer 
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II 

TABLE C-1 TRANSPONDER SCHEMATIC DIAGRAMS 

Diagram DrawigNumber Figure 

Third Converter SK714216 C-12 
Second Converter SK713220 C-6 
IF Filter SK714224 C-7 
Limiter SK714228 C-9 
Reference Oscillator SK714232 C-I 
Phase-Lock-Loop SK714236 C-10 
Dual IF Amplifier SK714240 C-8 
VtF Converter SK714244 C-S 
PA Driver SK714248 C-13 
Power Amplifier SK714252 C-14 
Transmitter Filter SK714256 C-15 
Diplexer SK714258 C-4 
DC Wrong SK714266 C-16 

The signal from the power 
amplifier output is detected and then 
amplfied to provide a slow-release, dc, AGC 
control level to control the entire receiver
transmitter loop gain The AGC circuit is 
designed with a long time constant so that 
the PA output level can go through a zero 
point with modulation and still not allow 

the loop gain to increase If a weak signal is 
received m the receiver, the AGC control 
circuitry allows the loop gain to increase to 
compensate for the weak signal 

4 External Power Amplifier 

To improve the overall link 
for system tests, an external power amplifier 
was added to the basic transponder This 
external PA was an unmodified commercial 

item produced by the Gonset Company It is capable of 500 watts de input power with better 
than 50-percent efficiency The basic transponder output is more than adequate to drive the 
Gonset PA to the desired output It was empirically determined that 30 watts into the antenna 
provided ample signal for the system link 

The Gonset PA has a 4 X 150 tube-type amplifier and was originally designed for 
144- to 148-MHz service A check with the manufacturer showed the PA to be operational up to 
152 MHz 

Transponder Schematic Diagrams 

Schematic diagrams of the 12 modules are included in the following pages A listing of the 
schematics is given in Table C-1 
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APPENDIX D 

POSITION ERROR ANALYSIS 

As explained in Section III, the position of the aircraft is determined as the intersection of 
three spheres whose centers are located as follows one sphere centered at ATS-1, one centered 
at ATS-3, and one centered at the earth's center The parameters required for tis position 
determination are the distances from the aircraft to each satellite and altitude of the aircraft 
Errors m measuring or estimating these parameters lead to errors of position location, and the 
extent of these position errors is influenced by the system geometry through the Geometric 
Dilution of Precision (GDOP) Factor 

It is 	 the purpose of this appendix to examine qualitatively and quantitatively the sources of 
error in the range determination and the ranging sensitivity to the various error sources for the 
position location technique using differential range measurements These then lead to estimates 
of the position location errors, using calculated GDOP factors for the ATS-1 and ATS-3 satellites 
with an aircraft in the vicinity of Dallas, Texas 

I 	 Sources of Error in Range Determination 

The principal sources of error may be considered in four categories 

1 	 Propagation errors consisting of ionosphene and tropospheric effects and multipath 
effects 

2 	 Measurement errors caused by system noise and ground processor inaccuracies 

3 	 Delay errors caused by uncompensated delays of aircraft transponder, reference 
transponder, satellite transponders, and the ground processor 

4 	 Satellite position uncertainty 

A 	 Propagation Errors 

1 	 Ionospheric Effects 

The effect of the ionosphere is to reduce the group velocity of the propagated 
wave and hence increase the path delay compared with that experienced in free space The 
ranging error is a function of integrated electron density (I) and has been treated in detail in 
Reference 1 from which Table D-l has been taken, showing the one- and two-way path errors 
produced at various satellite elevation angles over a range of integrated electronic densities These 
are the errors to be expected in absolute ranging techniques, but this effect is largely removed if 
differential techniques are used 

Irregularities in the structure of the ionosphere also introduces signal amplitude 
fluctuations or scintillations Midlatitude scintillations have been measured by Aarons and 
Whitney 2 Their data gives a 90 percentile/scintillation fade margin of 1 3 dB and 99 percentile 
value of 9 4 dB The fading periods are distributed approximately as in Table D-2 Fading periods 
of several seconds are therefore to be expected frequently in the present experiment 

D-1 



TABLE D-i IONOSPHERIC RANGING ERROR 

dec 	 -elee-	 elecI= 2X 106 I= 3X 1017 	 I= 86X 1017 - 2
2 


mn 171 	 il

Satellite One-Way Two-Way One-Way Two-Way One-Way Two-Way
Elevation Angle (e) Path Error Path Error Path Error Path Error Path Error Path Error 

= 200 -0 16 kin -0 32 km -2 6 km -5 1 kin -65 kin -13 0 kmn 

= 45' -0 12 km -0 25 kin -2 0 km -4 0 km -5 3 kin -10 7 km 

TABLE D-2 MULTIPATH FADING PERIODS 	 2 Tropospheric Effects 

Percentage 	 For elevation angles (IF)
of 

Fading Period Occurrences greater than 10 degrees, the tropospheric 

S 5seconds 43 refraction error is given to within 3 percent
by

294 14 seconds5 seconds 4 Ts 

15 seconds 4 Ts < 59 seconds 28 	 ARTROPO = f(10- 6 /sm 4T) N (h)dh 

where N = (n - 1) X 106, n being the index 
of refraction for air For an aircraft at 

5000 feet, and for Nsurfface = 400, the maximum 	tropospheric range error is 6 meters for satellite 
elevations of about 20 degrees, and hence is entirely negligible 

3 Multipath Effects 

As described in Reference 3 multipath interference introduces both amplitude and 
frequency modulation to the direct path signal The net result is amplitude fading and a 
time-varying phase shift that introduces a ranging error For the satellite elevation angles of 20 to 
40 degrees applicable to the present experiment in the vicinity of Dallas, Texas, the expected 
multipath ranging errors are approximately as shown in Table D-3 

These values were computed assuming the characteristics of the Dome and 
Margolin Satecom antenna for reception of the direct and multipath signals 

TABLE D-3 MULTIPATH RANGING ERROR 	 B Measurement Errors 

Satellite Ty'pe of Nominal Ranging Error 1 System Noise Effects
 
Elevation Fading for 941 Hz Tone
 

0-30 degrees Specular 13 ki 	 Because of various noise 

30-50 degrees Diffuse 4 8 km 	 sources in the ranging system and limitations 
of available signal power from the aircraft 
and satellite (principally the latter), limits 

exist on the available signal-to-noise power density of the ranging signal returned to the ground 
station 

As described in Section III, the ranging method employed in this experiment 
involves measuring the delay imparted to the sidetone ranging signal (941 Hz) over the two-way 
ranging path (GCC-satelhte-arcraft-satelhte-GCC) 
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The variance of the estimate of the phase delay may be expressed as 

1 
= (2E/N0 ) 

where 

E = 	energy of sidetone integrated by the phase 
detection process 

N. 	 = noise power density appearing at phase detector 
from all noise sources in the system 

For 	a 1-second integrate and dump process 

E/N0 = C/N 0 

where C/N0 is the expected sidetone carrier to noise power density The predicted values of 
C/N0 derived m Appendix E are shown in Table D-4 and have been converted to phase error and 
range error, using the fact that 1 degree represents 0 81 km for a 941-Hz tone The values of 
phase error and ranging error shown in Table D-4 result from the integration of four 1-second 
samples of the expected signal at the output of the phase detectors 

TABLE D-4 SYSTEM NOISE RANGING ERROR 2 	 System Instrumentation 
Effects 

Predicted 	 rmns Range Error 
C/N0 (4 samples) (941 Hz) 	 The phase detection process 

27 dB Hz 	 described in Section III has implicit measurement error due to departure of the phase 
23 dB Hz 	 detector characteristic from the theoretical 
(flreshold) 1 0 degree 0 8i In For the 	 in-phase and quadrature analog 

phase detectors of the GCC (modified OCC) 
a phase error of approximately 2 degrees may be attributed to this error source-instrumentation 
error This is by no means the state-of-the-art accuracy of phase detectors, 0 1 degree being 
obtainable using digital phase detectors 

For the present application existing phase detectors (having 2-degree error) were 
available in the OPLE equipment The range error due to this phase error decreases as frequency 
increases and for the 10 2-kHz tone used in OPLE, the error contributed was negligible For the 
941-Hz sidetone of the VHF Range/Range Experiment, the error in range due to the 2 degrees is 

2X 	081km= 1 62ikm peak 

= 1 2 km rms (approximately) 
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3 Delay Errors 

a Aircraft Terminal Uncompensated Delay Effect 

The effect of uncompensated time delay and phase shift variations expected 
to occur in the aircraft transponder is a ranging error of approximately 60 meters This is the 
assumed random delay variations not removed by the differential techniques described earlier, 
which compensate for large static bulk delay differences between the aircraft transponder and 
reference transponders 

b Satellite Transponder Uncompensated Delay Effect 

The nominal value of the satellite transponder group delay will be removed 
through simultaneous aircraft and reference terminal range measureiAentsI The residual or 
uncompensated time delay which is caused by variations in the signal amplitude and frequency is 
conservatively estimated to be 0 1 microsecond corresponding to a range er~or of 30 meters 

c Ground Processor Delay Uncertainty 

In a properly implemented differential ranging sy tem (using TDM 
techniques) the uncertainty in ground processor delay would be similar to the residuals for 
aircraft transponder and satellite transponders However, because of the iequency division 
nultiplex scheme required for the present experiment, removal of bulk delay differences is not 
possible continuously Therefore, the delays attributed to the GCC processing chain for the VHF 
R/R experiment are estimated to comprise a mean delay error effect of up to 1 5 km with 
standard deviation delay value of approximately 0 1 km The mean effect can be viewed as slow 
drift in delay differences between recievers removed only in the calibration phase of the 
measurement, the variation of delay of 0 1 km is due to fluctuations in each channel, over the 
period of the measurement In estimating the error from this source, only the rins error will be 
considered and the bias effect will be removed in the experimental data 

4 Satellite Position Uncertainty 

Approximations to the satellite position error are made as follows 

Satellite Position Error, Latitude = 2 km 

Satellite Position Error, Longitude = 1 km 
This position uncertainty is resolved into along-range and cross-range error giving the following 
values 

Along range 0 4 km 

Across range = 2 0 km 

II Range Error Budget 

The budget of errors in the computed satelhte-to-aircraft ranges is derived by 

Computing sensitivity factors relating satellite-A/C range to the error sources for the 
differential master/slave configuration 
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Applying the sensitivity factors to the source error allocations to determine error in 

computed range 

A Error Sensitivity Factors 

Reference is made to the Texas Instruments System Study report for Position Location 
and Aircraft Commumcations Equipment (PLACE)4 where the error sensitivity factors are 

computed in Appendix B Table D-5 of error sensitivity factors applies for the differential 

master/slave satellite configuration used in the VHF R/R experiment 

b RMS Errors m Derived Satellite-

TABLE D-5 ERROR SENSITIVITY FACTORS 	 to-Aircraft Ranges 

Error Source Sensitity Factor 

The errors are obtained by 
Satelte 1 Satellte 2 applying the sensitivity factors of Table D-5 

Lik Noise 0707 158 to the allocated values of source errors 

Terminal Delay 	 0707 0707 discussed in Section I of this Appendix The 
rms errors are summarized in Table D-6 It 

Ground Processor Delay 0 707 0 707 should be noted that two error totals are 

Satellite Transponder Delay 1 0 1 73 included The first excludes atmospheric and 

multipath effects and will apply to static 
Satellite Position experiments in which the bias tern is 

Along Range 0008 0008 removed and the deviation of the error 

measured The second total applies to flightAcross Range 	 0 13 0 13 
tests in which the bias errors are removed 

Atmosphenc Effects 1 41 1 41 

Multipath Effects 	 III Position Location Errors 

Satelhte-to-A/C 0 5 0 5 

Dilution of Precision
A/C to-Satellite 05 11 A 	 Geometric 


(GDOP) Factors
 

Errors in the derived aircraft-to
satellite ranges are reflected as position 

location errors in latitude and longitude The relationship between these two is referred to as 

GDOP effect The GDOP factors are most easily computed by calculating first the equivalent 
radial errors of the two circles of position centered at the subsatelhte points, and then resolving 
these two errors into latitude and longitude errors using results for the intersection of two 
circles 

The ratio of radial error from the subsatellite point along a great circle, to the 
satellite-to-aircraft range error is given by 

Radial error 1 
Range error cos ip 

where t = elevation angle of the satellite Resolving this error into latitude and longitude 
components gives the following relationships 
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[Latitude Error] I COS 02 

AR1 COs 0 sm (91 + i12) 

[Longitude Error] Ism 12 

+AR1 cos 4 1, sm (1 02 ) 

where 
=AR 1 range error to satellite I
 

011 = angle at the subsatellite 1 point between the
 
equator and the aircraft
 

02 = angle at the subsatellite 2 point between
 
the equator and the aircraft
 

For the perod of the experiment, the values that applied to satellite 1 (ATS-3) and satellite 2 

(ATS-1) from Dallas were 

*1 = 24 degrees 

P, = 33 5 degrees 
=T2 21 degrees 

t32 = 32 degrees 

The GDOP factors for each satellite are thus approxmately the same and are equal to 

Latitude Error 
= 1 02AR 

Longitude Error 
S= 064AR 

These factors are expressed without sign, however, the direction of the position errors 
depends on the direction of the ranging errors Signs can be ignored for estimating rns errors, 
however, the direction of residual bias errors and their magnitude depends on the polarities of 
range errors for each satellite 

B Predicted Position Location Errors 

The rms position errors can be estimated using the predicted range errors shown in 
Table D-6 and the appropriate GDOP factors These results for flight experments are 

Satellite 1 

Latitude error = 2 85 km= 1 5 nin 

Longitude error = 1 8 km = 1 0 nim 
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Satellite 1 

Latitude error = 4 3 km = 2 3 nmi 

Longitude error = 2 7 km= 1 5 nmi 

Assuming independence for these position errors, the expected latitude and longitude errors for a 
flight experiment are 

Latitude error = 2 75 nmi 

Longitude error = 1 75 nmi 

For static tests, it can be assumed that ionospheric and multipath terms will appear as 
bias effects, and hence in evaluating the deviation of position error with respect to the mean 
position error, these error sources can be neglected In this case, the composite errors are 

Latitude error = 1 50 nmi 

Longitude error = 0 93 num 

TABLE D-6 PREDICTED RMS ERRORS IN SATELLITE TO-AIRCRAFT RANGES 

Sensitivity Factors Error Allocation (kin) RMS Error (kin) 

Error Source Sat 1 Sat 2 Sat 1 Sat 2 Sat 1 Sat 2 

Link Noise 0707 158 081 081 056 125 

Instrumentation Error 0 707 1 S8 1 2 12 0 84 1 9 

Terminal Delay 0707 0707 006 006 - -

GroundProcessor 0707 0707 10 10 07 07 
Delay (excluding
residual bins) 

Satellite Transponder 1 0 1 73 003 0 03 - -
Delay 

Satellite Position 
Along Range 0008 0008 04 04 - -
Across Range 013 013 20 20 026 026 

RMS Error for Static Experments* 1 25 kin 2 4 kin 

Atmospheric Effects 1 41 i 41 1 3 1 3 1 82 1 82 

Multipath Effects (30) 
Satellite to A/C 05 05 25 25 125 125 
A/C-to-Satelhte 05 11 25 25 125 275 

RMS Error for Flight Experiments* -. 2 8 kin 4 2 km 

* Tis neglects bias effects, see text 
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APPENDIX E
 

RF LINK ANALYSIS
 

Introduction
 

The components of the RF links in the VHF Navigation Experiment include the GCC 
transnutter and receivers, the ATS-1 and ATS-3 VHF repeaters, and the aircraft and reference 
transponders The performance of the RF system is determined primanly by the power levels of 
the transmitted signal, the output power of the repeaters, the noise characteristics of the 
recievers, and the effective link losses between the different components of the system 
Figure E-1 illustrates these components and their relationship to the various link losses found in 
this experiment configuration This analysis includes a listing of the individual losses and gains 
which comprise each link loss, the denvation of power shanng equations and calculation of 
expected C/N values at the transponders and GCC receivers The determination of the C/N values 
at the GCC receivers facilitates the prediction of noise-related errors in the measured sidetone 
phase 

II Link Losses 

The predicted nominal worst case up-link losses are listed in Table E-1 and the down-link 
losses are listed in Table E-2 To reduce the number of uncertainties from the loss budget 
parameters, such uncertainties as diplexer loss and cable loss were measured rather than 
estimated The aircraft antenna data was taken from the manufacturers' data3 as were the 
characteristics of the reference transponder Loop-vee Antenna I The fade margins included in the 
losses account for multipath and ionosphenc scintillation effects and were taken from the 
ATS-1/ATS-3 Dual Satellite Navigation Study I The free space losses between the transponders 
and both satellites were assumed to be the same Since the transponder power was measured 
after the diplexer, the diplexer loss is not included in the transponder/satellite up-link loss 

I Power Sharing 

The total IF output power available from each repeater is divided among all input signals 
and receiver noise As shown in Figure E-1, the input signals to each of the four repeaters are as 
follows 

ATS-3 

A/R sidetone, and pilot tone, signals transmitted by the GCC 

A/R sidetone signals relayed by both transponders 

Transmitted transponder noise 

Satellite noise and interference 

ATS-1 

A/R and sidetone signals relayed by both transponders 

Transmitted transponder noise 

Satellite noise and interference 
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Transponders 

Satellite relayed A/R and sidetone signals 

Receiver noise 

Satellite transmitted noise 

Because of the relatively high link loss between the ATS-3 and the transponders, the transmitted 
satellite noise can be neglected in determining the total input power to the transponders 

TABLE E-1 UP LINK LOSSES (149 2 MHz) 

Nominal Wont Case 
Parameter (dB) (dB) 

Common Losses 

Path Loss -168 5 -169 7 
Polarization Loss - 3 - 4 
Satellte Receiver Antenna Gain 8 8 
Satellite Receiver Losses -1 8 - 1 8 

TOTAL -165 3 -167 5 

GCC-to ATS 3 (LGS) 
Cable Loss - 17 - 17
 
Diplexer Loss - 2 - 2
 
GCC Antenna Gain 13 13
 
Fade Margin - 1 - 3
 

TOTAL -157 0 -161 2 

Aircraft-to-Satellites (LAS) 
Cable Loss - 1 - I 
Aircraft Antenna Gain 0 0 
Aircraft Antenna Ellipticity - 3 - 3 
Fade Margin (includes multipath) - 2 - 7 

TOTAL -171 3 -178 5 

Reference-to-Satellites (LRs) 

Cable Loss - 2 - 2 
Loop-Vee Antenna Gain 0 0 
Loop-Vee Antenna Elliplicity - 4 - 4 
Fade Margin - 1 - 3 

TOTAL -172 3 -176 5 

It was assumed that the RF output power of each repeater is constant Thus, if the repeater 
has a power output of PR and has no input signal, the repeater transmits PR watts of noise 

Based on the assumptions in the previous paragraph, the power of a transponded signal is 
related to its received power by 

PIPR 
=Po - (E-l) 

PT
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where 

P. 	 = power level of the output signal 
P, = power level of the input signal 

=PT sum of all input signals including receiver noise 

PR = repeater output power 

TABLE F-2 DOWN LINK LOSSES (135 6 MHz) 

Parameter 
Nominal 

(dB) 
Worst Case 

(dB) 

Common Losses 
Path Loss -167 -168 
Polarization Loss - 3 - 4 
Satellite Transmitter Antenna 8 5 8 5 

Gain 
Satellite Transmitter Losses - 1 7 - 1 7 

TOTAL -163 2 -165 2 

ATS-3-to-GCC (Ls 3 G) 

Fade Margin 
GCC Antenna Gain 

- 1 
+ 13 

- 3 
+ 13 

Dplexer Loss - 45 - 45 

TOTAL -155 7 -159 7 

ATS-i-to-GCC (LS1G) 
Fade Margin - 1 - 3 
GCC Antenna Gain + 13 + 13 
Diplexer Loss - 3 - 3 

TOTAL -154 2 -158 2 

ATS-3 to Aircraft (LSA) 
Fade Margin (includes multipath) - 2 - 7 
Aircraft Antenna Gain 0 0 
Aircraft Antenna Ellipticity - 3 - 3 
Cable Loss - 1 - 1 
Dplexer Loss - 2 - 2 

TOTAL -171 2 -178 2 

ATS-3-to Reference (LSR) 

Fade Margin - 1 - 3 
Loop-Vee Antenna Gain 0 0 
Loop-Vea Antenna Ellipticity - 25 - 2 5 
Cable Loss - 2 - 2 
Diplexer Loss - 2 - 2 

TOTAL -1707 -174 7 
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If the powers are expressed in dBm, Equation (E-l) can be written as 

P0 (dBm) = (P,(dBm) + PR (dBm) - PT (dBm) (E-2) 

Developing this expression further, it can be shown that the dBm level of a signal at any 
point in the link is given by 

Ps = Ptrans +Z PR - ZL - XPt (E-3) 

where all powers are expressed m dBm and losses in dB and 

Prns = the power level of the signal at its source 

ZPR = summation of the output power of all the repeaters through 
which the signal has passed 

ZPt = summation of the total input power to each of the repeaters 

=PL=summation of the link losses through which the signal has passed 

In determining the total noise power density at the four GCC receivers, the transponder noise 
was treated as a separate signal transmitted from the transponder and Equation (E-3) was applied to 
determine the transponder noise level at the GCC The satellite internal noise was treated in the 
same manner The dBm levels of satellite, transponder, and receiver noise power densities were 
converted to watts/Hz, summed and then reconverted to a dBm/Hz value The internal noise power 
density in the transponders and GCC receivers was calculated by 

No = K/L [Ts + T, (LF - 1)] (watts/Hz) (E-4) 

= k Teq (dBm) - L(dB) (dBm/Hz) (E-5) 

where 

K = Boltsmann Constant 
= 1 37 X 10- 23 J/K 

Ts = antenna temperature 

=2 61 X 107/f 2 MHz (°K) 

To = standard temperature 

- 290 0 K 

L = attenuation between the antenna output and the preamplifier 

IT= noise figure of the preamplifier 

Te = T,+T,(LF-1) 

This expression assumes that the attenuator (diplexer and cables) are at standard temperature 
The satellite noise power density is composed of thermal noise in addition to interference Past 
expenience has indicated that for power-sharing purposes the total noise power in the satellite 
100-kHz bandwidth is approximately -113 dBm which corresponds to a noise power density of 
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TABLE E-3 POWER SHARING PARAMETERS - 163 d Bm/Hz The actual noise power 

Parameter Value Units density in certain sections of the bandwidth 
can be less than this figure since the noise 

Satellite Output Power (Ps) 46 dBm power contributed by interference tends to 

Satellite Noise Power Density (Ns) -163 dBm/Hz 	 be concentrated in certain channels within 
the total bandwidth The parameters used in 

Satellite Bandwidth (100 kHz) SO dB Hz 	 conjunction with the link losses to deter-
Transponder Output Power (PT) 43 dBm 	 mine power sharing are listed in Table E-3 

lransponder Noise Power Density -168 dBmlHz(NOT) 	 The components of the total input 

Transponder Bandwidth (8 kHz) 39 dB Hz 	 power to ATS-3 (P. 3 ) are given by 

GCC Pilot Tone Power (PPT) 44 dBm 	 GCC Transmitted Tones = PGCC - LGs (E-6) 

GCC Acquisition AIR Tone 47 4 dBum Aircraft Transponder 
Power (PAR) 	 Signal = PT - LRS (E-7) 

Reference Transponder 
Signal = PT - LAS (E-8) 

Satellite Noise = NS 

where PGcc = power transmitted by the GCC The components of the total input power to 
ATS-1 (PA ) are the same as for ATS-3 provided the GCC transmitted tones are deleted 

The amount of satellite power allocated to each input signal can be calculated once the 
total input power is known The power levels of the A/R and pilot tone signals transmitted from 
ATS-3 can be expressed as 

PARS = PAR + PS - LGS - Pis3 	 (E-9) 

= PPTS PeT + PS - LGS -	 (E-10)P, 3 

The power level of the A/R signal at the transponders can be determined by subtracting the 
appropriate link loss from PARS The total input power to the aircraft transponder (PA) and to 
the reference transponder (Pt) is the sum of the A/R signal and the transponder noise 

The effects on power sharing caused by variations in the link losses are illustrated in 
Table E-4 Table E-5 lists, for each repeater, the percentage of total power allocated to each 
input signal for nominal link losses For the worst case link losses, the percentage of power 
allocated to each received signal would be slightly less since the received signals are attenuated 
by a larger factor while the input noise remains constant 

IV Carner-to-Noise Ratios 

The equations developed for calculating the camer-to-noise ratio at the transponders and at 
the GCC are direct applications of Equation (E-3) As explained in the previous section, the only 
noise source considered at the transponder is the combined antenna and transponder noise At 
the four GCC receivers, the total noise is the sum of receiver noise, satellite noise, and 
transponder noise 
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TABLE E-4 EFFECTS OF LINK LOSSES ON POWER SHARING 

Parameter 

ATS-3 Input Power 

GCC Tone Package 
Arcraft Transponder Signal 
Reference Transponder Signal 
Satellite Noise 

TOTAL (PS 3 ) 

ATS-3 Output Power 

Pilot Tone 
A/R Tone 
Satellite Nose 
Aircraft Transponder Signal 
Reference Transponder Signal 

ATS-1 Input Power 

Aircraft Transponder Signal 
Reference Transponder Signal 
Satellite Noie 

TOTAL (PISI) 

ATS 1 Output Power 

Aircraft Transponder Signal 
Reference Transponder Signal 
Satellite Noise 

Aircraft Transponder Input Power 

AIR Tone 
Transponder Noise 

TOTAL (PA) 

Aircraft Transponder Output Power 

A/R Tone 
Transponder Noise 

Reference Transponder Input Power 

A/R Tone 
Transponder Noise 

TOTAL (PXR) 

Reference Transponder Output Power 

A/R Tone 
Transponder Noise 

Nominal 
(dBm) 

-108 3 

-128 3 

-129 3 

-113 


-107 

39 9 

433 

40 

24 7 

23 7 


-128 3 

-129 3 

-113 


-1128 

30 5 

29 5 

45 8 


-128 1 

-129 


-1264 

41 3 

40 4 


-127 4 

-129 

-125 

406 

39 


Worst Case 
(dBm) 

-112 2
 
-1355
 
-133 5
 
-113
 

-109 6
 

38 4
 
418
 
42 6
 
20 1
 
22 1
 

-135 5
 
-133 5
 
-113
 

-113 

23 5
 
25 5
 
45 9
 

-136 4
 
-129
 

-1282 

34 8
 
42 2
 

-132 9
 
-129
 

-127 4
 

375
 
41 4
 

The carner-to-noise power ratio for the pilot and A/R tones at the aircraft are given by 

CIN (A/R) PARS - LSA - NOT - 39 dB-Hz (E-lI) 

C/N (PT) = PPTS - LSA - NOT - 18 4 dB-Hz (E-12) 

and at the reference terminal by 
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C/N (A/R) = PARS - LSR - NOT - 39 dB-Hz (E-13)
 

C/N (PT) = Pps- LSR - NOT - 18 4 dB-Hz (E-14)
 

TABLE E-5 POWER ALLOCATION 	 Since the pilot tone C/N was to be expen
(NOMINAL LINK LOSSES) 	 mentally determined by measuring the 

RepeaterlInput Signal Percentage 	 filtered rms phase detector output voltage in 
the pilot tone phase lock-loop, the 70-Hz 

ATS-3 bandwidth (2 BAL) of the loop was used 
GCC Pilot Tone 25 For the A/R tone the C/N was calculated 
Satellite Noise 23 5 for the 8-kHz transponder IF bandwidth 
Transponder Signals 1 5 

ATS-1 The power levels of the A/R tone at 
Transponder Signals 5 each of the four GCC receivers are given by 
Satellite Noise 95 the following four equations 

Transponders
 
AIR Tone 50
 
Transponder Noise 50
 

PAR1 = PARS + PT + PS - LSA - LAS - LSSG - PiA - Pi 3 (E-15) 

+ +PAR2 = PARS PT PS - LSA - LAS - LSG - PA - Pis1 (E-16) 

PAR3 = PARS + PT + PS - LSR - LRS - LSG - PiR - PiS3 (E-17) 

PAR4 = PARS + PT + PS - LSR - LRS - LSlG - PR - PSl (E-18) 

The dBm/Hz values of the transponder noise power density tiansmitted to the GCC receivers 
are as follows 

NOTI = NOT + PT + PS - LAS - LS3G - PA - PS3 	 (E-19) 

+Nou = NOT + PT PS - LRS - LS3 G - Pi - Pis3 	 (E-20) 

NOT3 = NOT + PT + PS - LAS - LSlG - PA - PS 	 (E-21) 

NOT4 = NOT + PT + Ps - LRS - LSIG - PR - P 1 	 (E-22) 

The transmitted satellite noise power density received by each of the GCC receivers can be deter
mined by 

Nosi = Nos 2 = Nos + PS - LS3G - Pis3 	 (E-23) 

Nos 3 = Nos4 Nos + Ps - LSlG - PsI 	 (E-24) 
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TABLE E-6 DETERMINATION OF ANTICIPATED PILOT AND
 

AIR TONE C/N VALUES FOR ACQUISITION MODE
 

Parameter 

ATS-3 Transmitted Signals 

A/R Tone 

Pilot Tone 


Aircraft Transponder 

Noise Power Density 
A/R Tone 

Received A/R Tone Power 
C/N(SHz) 

lot Tone 
Received Pilot Tone Power 
C/N (70 Hz) 
C/NO 

Reference Tiansponder 

Noise Power Density 
A/R Tone 

Received A/R Tone Power 
C/N (8 kHz) 

Pilot Tone 
Received Pot Tone Power 
C/N (70 Hz) 
C/No 

GCC Pilot Tone 

Received Satellite No 
Internal No 
Total NO 
Received Pilot Tone Power 
C/N (300 Hz) 
C/No 

GCC A/R Tone 

Receiver No 1 
Received Transponder No 
Received ATS-3 No 
Internal NO 
Total NO 
Received A/R Power 
C/N (100 Hz) 
C/N o 

Receiver No 2 
Received Transponder NO 
Received ATS-3 No 
Internal NoTotal N 

Receive8 A/R Power 
C/N (100 Hz) 
C/No 

Receiver No 3 
Received Transponder NO 
Received ATS-1 No 
Internal No 
Total No 
Received A/R Power 
C/N (100 Hz) 
C/No 

Receiver No 4 
Received Transponder No 
Received ATS-1 No 
Internal NO 
Total No 
Received A/R Power 
C/N (100 Hz) 
C/No 

E-1 0 

Nominal 

43 3 
39 9 

-168 

-128 1 
09 

-131 2 

184 

368 


-168 

-1274 

16 


-1307 

189 

373 

-165 7 
-168 1 
-163 8 
-115 7 

233 
483 

-172 6 
-165 7 
-168 1 
-163 2 
-1324 

108 
308 

-175 
-165 7 
-168 1-1634 

-134 3 
9 1 

291 

-165 3 
-158 4 
-167 5 
-1572 
-125 1 

121 
321 

-167 7 
-1584 
-167 5 
-157 4 
-127 1 

103 
30 3 

Worst Case Units 

41 8 dBm 
384 dBm 

-168 dBm/Hz 

-1364 dBm 
- 74 dB 

-1398 dBm 
98 dB 

282 dB Hz 

-168 dBm/Hz 

-1329 dBm 
- 39 dB 

-1363 dBm 
133 dB 

317 dB Hz 

-1677 dBm/Hz 
-168 1 dBm/Hz 
-164 8 dBm/Hz 
-1219 dBm 

181 dB 
431 dB Hz 

-183 dBm/Hz 
-167 7 dBm/Hz 
-168 1 dBm/Hz 
-164 8 dBm/Hz 
-1484 dBm 
- 36 dB 

264 dB iz 

-178 6 dBm/Hz 
-167 7 dBm/Hz 
-168 1 dBm/Hz
-164 6 dBm/Hz 

-143 7 dBm 
09 dB 

209 dB Hz 

-1745 dBm/Hz 
-1624 dBm/Hz 
-167 5 dBm/Hz 
-161 dBm/Hz 
-142 9 dBm 
- L9 dB 

18 I dB/Hz 

-173 3 dBm/Hz 
-1624 dBm/Hz 
-167 5 dBm/Hz 
-161 dBm/Hz 
-138 2 dBm 

28 dB 
22 8 dB/Hz 



The total noise power density is then the sum of the received and internal noise power 
densities The application of the derived equations, considering both nominal and worst case hnk 
losses, is illustrated in Table E-6 Referring to the noise power density components for the four 
receivers, Table E-6 indicates that transmitted satellite noise is the major noise source and exceeds 
the receiver and antenna noise by a factor of 2 for the ATS-3 channel and by a factor of 10 for the 
ATS-1 channel 

The A/R and sidetone phase mode carner-to-noise power ratio corresponding to tl~e A/R
acquisition mode camer-to-noise power density ratios can be determined when necessary by
noting that during the ranging mode, the total power in the AIR and sidetones is equal to the 
A/R tone power during the acquisition mode In addition, the A/R tone power is set 2 dB below 
the sidetone power 
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